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ABSTRACT
ELECTRICALLY CONDUCTING POLYMERS
(February 1985)
John R. Reynolds, B.S., San Jose State University, San Jose, CA, 1980
M.S., University of Massachusetts, Amherst, MA, 1982
Ph.D., University of Massachusetts, Amherst, MA, 1985
Directed by: Professor James C. W. Chi en and
Professor Frank E. Karasz
The development of synthetic electronic conductors and metals, in
a variety of forms, has been the focus of intense research. Conducting
polymers have become an important part of this field. This disser-
tation exmaines a few of the polymeric materials of present interest.
A thorough investigation of the electronic properties of per-
chlorate doped polyacetylene, CCH (C104)y]j^, has been carried out. The
conductivity of the polymer changes from semiconducting to values
greater than 10+2 Scm"! with doping and shows a distinct semiconductor
to "metal" transition at 10-^ < y < 10-3. j\^q polyacetylene films were
doped using either electrochemical oxidation or a novel oxidation by
ferric perchlorate allowing comparison of the two techniques.
The changes in the electronic properties of a variety of arylene-
vinylene compounds, including poly (phenylene vinylene) (PPV), have been
examined with oxidation by AsF^. Conductivities as high as 1
Scm-1 have been observed for heavily doped PPV. Specific electron
paramagnetic resonance characteristics were closely studied and a
possible mechanism for conduction proposed that suggests that high
• •
VI
1
molecular weight is not necessary for high conductivity in these
materi al s
.
To overcome some of the limitations of the doped conjugated orga-
nic polymers a series of poly(metal tetrathiooxalates) (MTTO)^^ have
been synthesized for the first time. These transition metal containing
polymers are intrinsically conducting with values as high as 20
Scm"l observed for (NiTTO)^. These materials are relatively air
stable, especially the Pt and Pd analogues, as demonstrated by the sta-
bility of conductivity with two months exposure to air and light. The
chains are oligomeric in nature, having degrees of polymerization less
than 10. Short soluble chains, which still exhibit relatively high
conductivities, have been synthesized and shown to be end reactive.
• • •
vni
TABLE OF CONTENTS
DEDICATION
. .
ACKNOWLEDGEMENT
ABSTRACT . . .
CHAPTER
I. INTRODUCTION 1
Conducting Materials 1
Synthetic Metals 2
Graphite and Layered Chalcogenides 2
Charge Transfer Salts 4
Metal Chain Conductors 7
Conducting Polymers 11
Polythiazyl 13
Polyacetylene 14
Synthesis 14
Chemical Doping 15
Electrochemical Doping 15
Aromatic and Heterocyclic Polymers 20
Transition Metal Containing Conducting Polymers .... 21
Tetrathiooxalate as a Ligand 28
II. GENERAL EXPERIMENTAL TECHNIQUES 33
Material Handling 33
Inert Gas Lines 33
Schlenk Glassware .... 33
Vacuum Lines 34
Dry Box and Glove Bags 38
Pop Bottle Techniques 38
Solvent Purification 38
Elemental Analysis 39
Electronic Measurements 39
Electrical Conductivity 39
Two Probe Technique 39
Four Probe Technique
Pressed Pellet Measurements 40
Charge Polarization
Temperature Dependence of Conductivity 44
Thermoelectric Power Coefficient 44
Electron Paramagnetic Resonance 46
Electrode Potential 49
ix
III. OXIDATION OF POLYACETYLENE IN THE PRESENCE OF
PERCHLORATE COUNTER ION 50
Experimental 50
Preparation of Polyacetylene ! *. 50
Electrochemical Doping 51
Ferric Perchlorate Doping 53
Characterization 53
Results 54
Electrochemical Doping 54
Open Circuit Voltage 54
Transport Properties 59
Magnetic Properties 59
Ferric Perchlorate Doping 67
Transport Properties 74
Magnetic Properties 75
Discussion 77
Electrochemical Doping 79
Dopant Homogeneity 79
Transport and Magnetic Properties 81
Mechanism of Conduction 83
Ferric Perchlorate Doping 89
IV. POLY(PHENYLENE VINYLENE) AND ITS ANALOGS 91
Experimental 91
Results and Discussion 98
Synthesis and Characterization 98
Electron Paramagnetic Resonance 101
Electrical Conductivity 112
Temperature Dependence for Conductivity 116
Possible Mechanism of Conduction 116
V. TRANSITION METAL CONTAINING CONDUCTING POLYMERS 127
Experimental 127
Thiapendione Synthesis 127
Ethylene Tetrathiolate Synthesis 128
Polymerization of Ethylene Tetrathiolate 128
Tetraphenylphosphonium Tetrathiooxal ate 128
Tetraethyl ammonium Tetrathiooxal ate 132
Polymerization of TEATTO 135
Solution Polymerization 135
Interfacial Polymerization 139
Results and Discussion 1^^
Poly(Metal Ethylene Tetrathiolate) 144
Synthesis of Tetrathiooxalate 154
X
V. TRANSITION METAL CONTAINING CONDUCTING POLYMERS (continued)
Poly (Metal Tetrathiooxal ates ) 159
Poly(Nickel Tetrathiooxal ate) 159
Poly(Copper Tetrathiooxalate) 168
Poly(Palladium Tetrathiooxalate) 175
Poly (Platinum Tetrathiooxalate) 188
Poly(Cobalt Tetrathiooxalate) 191
Magnetic Properties of Poly(Metal Tetrathiooxalates) 194
Electron Paramagnetic Resonance 194
Air Stability of Conductivity 199
Conclusions and Future Research 207
Poly(Metal Ethylene Tetrathiolate) 207
Poly(Metal Tetrathiooxalates) 207
REFERENCES 211
xi
LIST OF TABLES
Table
1.1 Conductivities of Metal Complex Polymers 24
3.1 Spin Concentration for [CH(C104)y]x 64
4.1 Structure and Conductivities of ASF5
Doped Arylenevinylenes 93
4.2 EPR Summary of ASF5 Doped Arylenevinylenes 104
4.3 EPR Relaxation Times for ASF5 Doped
Poly (phenylene vinylene) 113
5.1 Reaction Conditions for Poly(metal
tetrathiooxalates) 140
5.2 Elemental Analysis for [MTTOl^ 142
5.3 Conductivities of Poly (metal ethylene
tetrathiolates) 148
5.4 Elemental Analysis for [MC2S4Na2]x 153
5.5 Electronic Properties of Poly(metal
tetrathiooxalates) 161
5.6 Electronic Properties of Various
[CuTTOJx Samples 176
5.7 Summary of EPR Characteristics for
Poly(metal tetrathiooxalates) 198
xi i
LIST OF FIGURES
Fi gure
1.1 Structures of various u donor and acceptor
compounds 5
1.2 Schematic structure for the tetracyano-
platinate metal chain 8
1.3 General structure for metal bis-dithiolene
compounds 10
1.4 Structure of [Ni(dmit)2] 12
1.5 Schematic diagram of electrochemical
doping experiment 17
1.6 Schematic diagram of midgap (a^) and
interband (a^ ) transitions 19
1.7 General structure for linear Werner polymers 22
1.8 Synthesis of thiapendione system 25
1.9 Synthesis of tetrathiol ate ligands and
polymerization with M(II) 27
1.10 Structure of poly(metal tetrathiosquarate) 29
1.11 Mechanism for electrochemical reduction
of CS2 32
2.1 Schlenk millipore filter apparatus 35
2.2 Vacuum line 36
2.3 Stainless steel, 4-probe, high pressure
doping reactor 37
2.4 2-probe press conductivity cell 41
2.5 4-probe press conductivity cell 43
2.6 Glass 4-probe apparatus
3.1 Teflon stopcock electrochemical doping
cell ^2
• • •
XI 1
1
3.2 Plot of Vqc vs. log y for [CH (C104)y]x: 56
3.3 Plot of conductivity (a) vs_. exposure
time to air and electrolyte 58
3.4 Plot of log conductivity (log a) ys_. log
y for [CH(C104)y]x
3.5 Plot of thermoelectric power vs_. log y
for [CH(C104)y]x
^3
3.6 Plot of EPR Dysonian ratio vs_. log
conductivity (log a) 66
3.7 Plot of relative EPR intensity vs. 1/T
for [CH(C104)y]x "7 69
3.8 Plot of Curie slope vs^. log y for
[CH(C104)y]x 71
3.9 Change of conductivity (a) with
time during Fe(C104)3 doping 73
3.10 Constant current discharge for a
[CH(C104)o.064]x
|
Li cell 75
3.11 Conductivity v£. Y for [CH(C104)y]x
by Fe{C104)3 doping method 76
3.12 EPR signal for [CH (C104)o,o4]x by
Fe(C104)3 doping method 78
3.13 Direct oxidation of a neutral defect 84
3.14 Oxidation of a carbon-carbon double bond 85
3.15 Bipolaron doping 87
4.1 Mechanism of PPV synthesis by
dehydrochlorination 100
4.2 Chain extension and crosslinking
process illustrated for benzene 102
4.3 EPR spectrum of ASF5 doped PPV 103
4.4 Relative EPR intensity vs^. T-1 for
ASF5 doped trans, trans-l,4-distyrylbenzene 105
xi V
4.5 Structures for deuterated and non-
deuterated PPV 1Q7
4.6 EPR linewidth (AH) vs_. T"! for
[PPV(AsF5)o.78] 108
4.7 Spin concentration vs^. dopant level
for AsF5 doped PPV 110
4.8 EPR saturation plot for ASF5 doped arylenevinylenes
. . . .111
4.9 Plot of log conductivity (log a) vs_. T-1
for heavily ASF5 doped PPV 118
4.10 Plot of log conductivity (log a) vs_.
T-V4 for trans-PPV(AsF5)y 120
4.11 Plot of log conductivity (log a) vs_. T-V4
for PPV heavily doped with ASF5 124
4.12 Plot of log a ys_. log y for
[PPV(AsF5)y]x 125
5.1 H-cell for synthesis of tetrathio-
oxalate 130
5.2 Plot of cell current vs^. applied
potential for CS2 reduction 134
5.3 Infrared spectrum of TEATTO 136
5.4 UV-VIS spectrum of TEATTO in methanol 138
5.5 Plot of absorbance at 340 nm vs^. time
during formation of ethylene tetratiolate 146
5.6 Plot of log conductivity (log a) vs_.
time in air for poly (nickel ethylene
tetrathiolate) 150
5.7 Arrhenius plot for the conductivity of
poly(nickel ethylene tetrathiolate) 152
5.8 Structures of partially reacted
thiapendione 155
5.9 Cyclic voltammogram for reduction of
CS2 in DMF/0.4 M TABABr 158
5.10 Reaction scheme for synthesis of (NiTTO)^ 160
XV
5.11 Structure of NiTTO-1
^62
5.12 Structure and analysis for NiTTO-2 164
5.13 TGA thermogram for NiTTO-2 155
5.14 Arrhenius plot for the conductivity
of NiTTO-4 159
5.15 Infrared spectrum of CuTTO-1 172
5.16 Plot of log conductivity (log o) v£.
1 2 doping and pumping time for CuTTO-1 174
5.17 Arrhenius plot for the conductivity of
CuTTO-4 178
5.18 Plot of log a
_vs. T-^/2 for CuTTO-4 179
5.19 Structure of PdTTO-1 181
5.20 Plot of 4-probe press cell resistance
vs . pressure while measuring a of
PdTTO-1 183
5.21 Structure of PdTTO-2 185
5.22 Structure of PdTTO-3 187
5.23 Synthetic route to (PtTTO)^ via
C0D-PtC2S4 190
5.24 Structure of dimerized metal
bis-dithiolene 192
5.25 Infrared spectra for CoTTO-1, PdTTO-2
and PdTTO-1 193
5.26 EPR spectra for (CuTTO)^, (PdTTO)x
and (PtTTO)x 196
5.27 EPR spectra for (NiTTO)^ and (CoTTO)x 197
5.28 Plot of EPR intensity v£. T"!
for PdTTO-1 200
5.29 EPR saturation study for NiTTO-4 202
xvi
EPR saturation study for CoTTO-1
.
. .
Air stability of conductivity for (MTTO)
xvi i
CHAPTER I
INTRODUCTION
Recently the development of synthetic electronic conductors and
metals, in a variety of forms, has been the focus of intense research.
The understanding of the nature of the charge carriers in these
materials is of importance from both a purely scientific and from a
technological view. It has already been shown that polymers can ex-
hibit semiconducting, metallic and even superconducting properties and
can be used in applications where previously only the more typical
metals were considered.
This dissertation examines a few of the polymeric materials of
present interest in synthetic conductor research. Specifically, some
of the objectives are to study how organic conjugated polymers can be
made to conduct, what their electronic properties are and to gain
insight into the synthesis of novel, transition metal containing, con-
ducting polymers.
Conducting Materials
The occurrence of metallic versus non-metallic properties is fun-
damental to understanding the electronic nature of materials.
Examination of the periodic table shows an almost diagonal line of
demarcation separating the metals from the non-metals, with the best
described "semi -metal s" occurring at the transition^. In a more
general view, the transport of both disordered and crystalline systems,
including the metal to non-metal (M-NM) transition, has come under
1
2extensive theoretical and experimental investigation^-^.
Many specific theories have been put forth to explain the specific
properties of the different types of materials that are known to ex-
hibit high electronic mobility. Examples of these are the one dimen-
tional metal chain models and the soliton model for conduction in
polyacetylene. These will be mentioned, when applicable, throughout
this dissertation.
Synthetic Metals
Research in synthetic metals has become widely varied encompassing
many materials and bringing together scientists from numerous
disciplines. The most interesting of these materials include the
intercalation compounds of graphite, layered chalcogenides, charge
transfer salts, linear metal chains and conducting polymers.
Graphite and layered chalcogenides
Graphite is probably the most common example of a synthetic metal.
It has a layered structure consisting of sp^ hybridized orbitals
bonding the atoms into infinite planes with the p^ orbitals overlapping
to form a conjugated tt system. The tt bonds between planes interact
through a relatively weak van der Waals attraction which creates the
layered structure. The in plane conductivity, which exhibits a nega-
tive temperature coefficient like a metal, is approximately
10^ Scm-1 at room temperature. The conductivity is dimensional ly ani-
sotropic being three orders of magnitude lower across the planes^.
This anisotropy introduces the concept of low dimensionality in
3synthetic metals. Since the conductivity is much higher in the plane
of 71 overlap, graphite can be regarded as a two dimensional material.
Conventional metals have isotropic conducting properties and thus are
three dimensional, while many of the stacked systems exhibit one
dimensi onal i ty
.
Various oxidizing and reducing agents react with the n system of
graphite and insert between the layers as anions or cations respec-
tively by a process known as intercal ation^. This can be carried out
either chemically or electrochemical ly using reagents such as ASF57,
PtFsS, Br2^, FeCl3lO and alkali metals^. The intercalation reaction
can lead to a change in the number of charge carriers in the tt cloud
and thus a change in the electronic properties of the material.
Increases in conductivity, to values as high as 6x10^ Scm"l, have been
observed using ASF5.
In comparison to conducting polymers, oxidative or reductive
intercalation is similar to what has become known as doping. The term
doping has been widely used to describe these redox reactions because
of the similarity in electronic property changes that occur in relation
to doped semiconductors. The chemistry though is quite different and
must be accounted for. The nature of the dopant ion in both the
graphite and polymeric systems has come under considerable debate^^.
Some specific examples will be presented in conjunction with doping
reactions of conjugated polymers.
There are a large number of layered compounds that intercalate in
a fashion similar to graphite. A review of the synthesis for over 50
of these compounds has been published^^. Much of the work has centered
4around the transition metal dichalcogenides such as TaS2, TiS2 and
NbSe3. Interest in these materials has arisen for such diverse reasons
as the increase of the superconducting transition temperature upon
intercalation^^, reversible intercalation for secondary batteries^^,
non-linear electronic properties'^ and modificaiton of catalytic hydro-
genation properties of the guest species'^.
Charge transfer salts
The reaction of electron-rich donor molecules with electron-poor
acceptor molecules has lead to a large series of donor-acceptor (DA)
complexes that exhibit remarkable electronic properties. The prototype
tetrathiaful valene-tetracyanoquinodimethane (TTF-TCNQ) was synthesized
essentially simultaneously by two research groups'^jl^ and conduc-
tivities of ca. 103 to 104 Scm"l were measured. Structures for TTF and
TCNQ are shown in Figure 1.1. Many other highly conducting complexes
have since been synthesized and specific requirements for metallic pro-
perties general ized.
All of the organic metals are cyrstalline in which planar donor or
acceptor molecules form segregated stacks. There must be only partial
charge transfer for metallic conduction, as for example (TTF+0.59)
(TCNQ-0»59)^ II has been shown that when the reduction potentials of
the DA pair are too dissimilar then complete charge transfer takes
place and the complex obtained is insul ati ng^^.
These organic metals are psuedo one-dimensional systems as a
result of the structure. The conductivity is highest along the
^3^
H.
Se^Se^CH
Se CH
TMTSF
BEDTTTF
Figure 1.1. Structures of various tt donor and acceptor
compounds
,
6stacking axis and can exhibit an anisotropy as great as lO^ perpen-
dicular to this. The temperature dependence of the conductivity indi-
cates metallic behavior which has been attributed to two possible
causes. First, cooling of a single crystal causes an anisotropic
contraction with the shrinking along the stacking axis being more
pronounced. The increase in intermolecular overlap can lead to higher
conductivities. Second, the intermolecular overlap is weak and thus
highly sensistive to lattice vibrations. With cooling the amplitude of
these vibrations, known as phonons, decreases. Scattering of the
mobile electron by phonons is decreased, the electronic mean free path
increases and thus an increase in conductivity is observed. It has now
been slightly more than two decades since W. A. Little first proposed
that the synthesis of an organic superconductor, having a critical
transition greater than room temperature, might be possible^l.
Systematic studies by numerous groups, on a variety of systems, has yet
to attain this goal. Recently the discovery, by Jerome and Bechgaard
in 1980, of the first low temperature organic superconductor repre-
sented a large step in this direction^^. Studying the tetra-
methyltetraselenaful valene (TMTSF, structure shown in Figure 1.1)
system, they found that salts of composition (TMTSF )2X (X=univalent
anion) exhibited high room temperature conducti vites and low metal
-
insulator transitions on the order of UK. Experiments were carried
out on the PF5- salts under 12 kbar pressure and a superconducting
transition was observed at 0.9K. This discovery was subsequently con-
firmed at Bell Labs23. The next major event was the discovery that
7{TMTSF)2C104 undergoes a superconducting transition at atmospheric
pressure24 suggesting that an entire family of superconductors was
possible. The field was opened up beyond that of organoselenium com-
pounds by the discovery that (BEDTTTF )2Re04,
[BEDTTTF=bis(ethylenedithiotetrathiafulvalene), see Figure 1.1] becomes
superconducting at 1.5K and 7 kbar^S,
Metal chain conductors
As with the charge transfer compounds, columnar metal chain con-
ductors have been studied as one dimensional systems^^. stacks of
metal atoms, surrounded by ligands, have larger electrical and magnetic
interactions along the column than perpendicular to it which can lead
to highly anisotropic properties. Non-bulky, planar ligand systems are
generally chosen to enhance metal -metal interaction and thus square
planar complexes are of the most interest.
The most highly studied of these metal chain conductors are the
tetracyanoplatinate (TCP) complex ions. The structure of the TCP
column is shown in Figure 1.2. A typical chemical formula for the par-
tially oxidized chain is K2Pt (CN)4Xo.3(H20)3 (X=Cl,Br) and exhibits
conductivities as high as 300 Scm"l. For high conduction in these 1-D
systems crystal 1 ographic perfection is required and thus all measure-
ments are carried out on single crystals. This can be attributed to
the 1-D nature, and any imperfections along a chain can stop charge
transport. The high anisotropy prohibits the charge from moving around
the defect and the chain is insulating.
Another family of metal chain conductors are the metal
8Figure 1.2. Schematic structure for the tetracyanoplatinate
metal chain.
9bis-l,2-dithiolene complexes^/. In many ways these complexes can be
treated as model compounds for the poly(metal tetrathiooxal ates ) which
will represent a major portion of this dissertation. The general
structure of a metal bis-dithiolene is given in Figure 1.3 where the
ligand is coordinated about the transition metal ion in a square pla-
nar configuration. In some cases the [M(S2C2R2)2]"" molecules can form
stacks and possess direct metal -metal bonding or they can dimerize with
strong metal -sulfur interactions to give a square pyramidal coor-
dination about the metal.
The electronic properties of the metal bis-dithiolenes have been
thoroughly studied by numerous investigators. The review by Alcacer^^
contains an excellent tabulation of these results. Measurements have
been made on both pressed pellets of polycrystal 1 i ne powders and single
crystals. In general, single crystal conductivities are higher by at
least an order of magnitude and values of 102 to 10^ Scm"! have been
observed for complexes containing TTF, tetrathiatetracene and perylene
as associated cations.
Though the electronic structure of these complexes has proven
controversial it is generally believed that the complexes have
highly delocalized groud states and the ligands play an important role
in their overall electronic properties. X-ray photoelectron
spectroscopy results^O confirm this and suggest that the charge on the
metal atom in the 0, -1 and -2 oxidation series is essentially
constant, with the fluctuating electron density on the ligand. This
is important in the consideration of these types of systems for con-
ducting polymers. The observed high delocalization corresponds to a
RR
X
S
-I n
R
R
R=HCF3CNCgH^^CH3C2H^
M=Ni, Pd,Pt,Cu,Au,Co, Fg
n= 0 to -4
Figure 1.3. General structure for metal bis-dithiolene
compounds
.
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high charge mobility and may lead to highly conducting materials.
Recently the complex bis[bis-(4,5-dimercapto-l,3-dithiole-2-thione)
nickel (II )], [Ni(dmit)2] was synthesized and found to form highly
conducting, segregated stacked, charge transfer complexes with TTF^l.
It has the structure shown in Figure 1.4. The dithiolate ligand can be
obtained in near quantitative yield by the electrochemical reduction of
CS2 in DMF at high CS2 concentration. This complex is pertinent to
this dissertation in that the dmit ligand can be regarded as a side
product in the synthesis of tetrathiooxalate, to be discussed later.
The complex exhibits metallic properties, having a room temperature
conductivity of 300 Scm'^ which increases to about 10^ Scm"! at 4 k32.
It is suggested that the sharply increasing conductivity at low tem-
perature may be due to a paraconducti ve regime, just before transition
to a superconductive state33. jhe absence of the usual metal -insulator
transition, caused by a Peirels distortion, indicates quite effective
interstack electronic coupling necessary for stabilization of a
superconductor.
Conducting Polymers
The possibility of combining the transport properties of the
synthetic metals discussed above with the mechanical properties of com-
mon polymeric materials is an attractive concept. In the last decade a
variety of polymeric systems have been developed with the major goal of
conductive plastics in mind. Though all of the goals of high conduc-
tivity, processibility, air stability, etc. have not been obtained in
S< X /N< I >S
s s
Figure 1.4. Structure of [Ni (dmit)^].
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one material, major strides have been taken toward this end and future
research will bring this reality even closer.
Polythiazyl
The inorganic polymer polythiazyl, (SN)^, was the first polymer
studied that exhibited metallic behavior^^*^^ in pressed pellet form.
Later studies showed it to have a structure of regularly repeating SN
bonds in which the S formally alternates from the +2 to +4 valence
state-^^. The tt electrons are actually distributed evenly over each
bond leading to a one dimensional metal. The ability to obtain single
crystals of (SN)^ lead to the exciting result that it was metallic down
to liquid helium temperature. A flurry of activity ensued and lead to
the observation, in 1975, of superconductivity at 0.26 k37.
Similar to the intercalation compounds of graphite discussed
above, halogenated derivatives of (SN)^ have been synthesized. Single
crystals of blue-black (SNBro^4)x exhibit a room temperature conduc-
tivity of 2 to 4xl04 Scm"l which is an order of magnitude higher than
the pristine (SN)j^38^ j^q brominated derivative also undergoes a
superconducting transition but the critical temperature is, at best,
increased by only 0.03 k39.
A major drawback to the study of the linear metal chain
conductors, organic charge transfer salts and (SN)^^ is the necessity of
studying single crystals for high conductivity. For this and other
reasons, organic conducting polymers, which can be obtained as free
standing flexible films, have recently been the focus of much
attention.
14
Polyacetylene
The simplest conjugated organic polymer is polyacetylene
(CH)x which has been intensely studied since the discovery that oxida-
tion or reduction (doping) can increase the conductivity up to 13
orders of magnitude^O.^l. It has also attracted a considerable amount
of attention from theoretical physicists who have studied the polymer
as a low dimensional material and have proposed models, such as the
soliton model, to explain its properties^^^
Synthesis . Free standing films of (CH)^^ are obtained by
polymerizing acetylene using a Ti (OBu )4/AlEt3 initiator system in a
toluene solution at -78°C^^. A typical flexible, silver colored,
polycrystal 1 i ne film made in this manner is believed to have a number
average molecular weight of ca. 10,000 as determined by radiotagging
techniques'^. The films obtained are not a continuous material but are
composed of a loose network of 200 A diameter fibrils'^. This is
important when considering (CH),^ for various applications, such as bat-
tery electrodes, where the high surface area fibrils are beneficial.
(CH)j^ is initially obtained as the cis-transoid isomer and can be
isomerized thermally to the trans-transoid form with the introduction
of a number of paramagnetic defects'^. The EPR linewidth decreases
substantially on isomerization demonstrating the increased mobility of
the spins on the all trans chains. This mobility can be attributed to
the degeneracy of the phases on either side of a defect in the trans
isomer. A defect on a cis chain does not display this degeneracy and
thus its mobility is lowered.
15
Neutral cis-(CH)x has a room temperature conductivity of ca.
10"^^ Scm-1. Upon isomerization this conductivity increases to values
on the order of 10-5 10-6 Scm-1. The neutral polymers are £_-type
semiconductors as seen by thermopower studies^^.
Chemical doping. (CH)^ can be made highly conducting by a variety
of redox doping reactions using numerous oxidants and reductants^^.
Recent work has shown that doping of cis-CCH)^ is complicated by dopant
induced isomerization, which can lead to isomeric heterogeneities in
the final material. For this reason this dissertation will be limited
to experiments carried out on the trans isomer. Acceptor doping pro-
ceeds by
(CH)x + xy A ^ [(CH)y+ Ayl^
where A represents an oxidant. Donor doping proceeds by
(CH)x + xy D ^ [(CH)y- Dyl^
The above reactions are over simplified in that they do not account for
the nature of the dopant ion and quite alot of work has been directed
towards this^^"52. The complicated reactions of these dopant systems
has hindered characterization of the conducting materials. It is thus
of critical importance that systems be used in which the chemical
nature of the dopant ion is well characterized.
Electrochemical doping . It has been found that (CH)x films could
be electrochemical ly oxidized to the highly conducting state in aqueous
or organic electrolytes^-^*^^. This technique will be discussed in
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detail due to the importance of electrochemical doping to this disser-
tation work. This discovery was especially exiciting for a variety of
reasons. First, electrochemical doping is controllable and reversible.
The (CH)^ can be efficiently oxidized and reduced to specific dopant
chemical side products^^^ ^ould be used to reduce the conductivity.
Second, the counter ions do not undergo any chemical transformations
leaving the nature of the dopant species unambiguous. Third, a variety
of counter ions, from a variety of electrolyte salts, can be used.
Lastly, a variety of practical applications, including solid state
batteries, were developed showing a future for commercial use.
Figure 1.5 shows a schematic diagram of the experimental set up
used for electrochemicl doping with lithium perchlorate in propylene
carbonate. Neutral trans-(CH)x exhibits a floating potential of +1.75
to +3.00 volts verus the IM Li+/Li reference system due to an extremely
small density of states within the gap^^. Applying a potential greater
than or equal to +3.0 volts causes anodic oxidation of the (CH)^^ and
the following half reactions occur.
(CH)x > (CHy+)x + xy e"
xy Li + xy e~ -> xy Li
°
The perchlorate anion is incorproated into the polymer as a counter ion
for the polycation. When the applied potential is reduced to +1.75
volts or lower cathodic reduction of the (CH)^ occurs.
Kaneto et al.^^ have addressed the question of reversibility in a
cell of the type
R/CH
Figure 1.5. Schematic diaqram of electrochemical doping
experiment.
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They found nearly 100% coulombic efficiency on samples doped to less
to 85.7% at 6.0 mole% CIO4-.
The stepwise charging of a (CH)^ electrode showed that with
increased extent of oxidation the electrode potential increases
according to
V(oc,24 hrs) = 3.43 + 0.14 In Y
where Y is the percentage oxidation^^. The Vq,- was recorded after 24
hours to allow the electrode potential to stabilize. The instability
of this potential was attributed to slow solid state diffusion of the
CIO4- ions within the polymer fibrils. A diffusion time constant, T,
of ca. 2 days was determined suggesting that up to 8 days equilibration
would be required to closely approach equilibrium. A diffusion
constant of 4xl0l8 cm^/sec has been determined for the free diffusion
of Li"*" into the (CH)x fibrils and the diffusion of CIO4- is of the same
order of magnitude^^. A theory of electric field enhanced diffusion
has been set forth to explain how high power and high current densities
are generated in a (CH)^ cell despite the slow ionic diffusion in the
polymer^^.
The combination of electronic spectroscopy and electrochemistry
allows detailed quantitative optical measurements to be made as a func-
tion of dopant level The opto-electrochemical technique has been
used to study the midgap absorption predicted by the soliton model for
trans-(CH)x. Figure 1.6 schematically indicates the nature of the
Conduction Band
—
7F
CXg (oj)
Band
Figure 1.6. Schematic diagram of midgap (a ) and interband
(a
,
) transi tions
.
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midgap and interband transitions from a band concept. Results from
these experiments show that as the dopant level is progressively
increased the interband transition at 1.6 eV decreases while the midgap
absorption at 0.8 eV increases in intensity. Once the dopant level has
reached 7.0 mol% only the characteristic free carrier absorption
expected for a metal was observed.
Aromatic and heterocyclic polymers
Following the discovery of high conductivity (a) in doped (CH)^,
there followed a large series of organic aromatic and heterocyclic
polymers that are also dopable and exhibit large increases in
conductivity. Though a complete list would be too involved for this
introduction, some important examples include poly (p-phenylene) (10^ to
103 Scm-l)61, poly (p-phenylene sulfide) (10^ Scm-l)^^^ polypyrrole
(102 Scm-1)63^ polythiophene (lO^Scm"! poly (p-phenylene oxide)
(10-3 scm-l)65, poly (phenylene vinylene) (10^ Scm-l)^^
poly(l,6-heptadiyne) (10-1 Scm-l)^^. The a values listed in parenthe-
ses are the highest values attained using the best dopant for each
polymer. A complete description of these materials is beyond the scope
of this introduction, though some pertinent generalizations about con-
ducting polymer systems should be pointed out.
As is the case with doped (CH)^, conducting polymers having
relatively high oxidation potentials are air sensitive. Doped poly-
pyrrole and polythiophene, in which this potential is lower, are much
more stable to air and can be synthesized and handled in air.
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None of these polymers are processible in the conducting state.
Poly(phenylene sulfide) is processible prior to doping and is commer-
cially available in the form of powder, film or fiber. Its extreme air
sensitivity and brittleness when doped has hindered any applications.
The structure of poly (phenylene vinylene) (PPV) can be regarded as
a regular alternating copolymer of acetylene and p-phenylene. Initial
work in our group66 has shown that PPV can be doped with ASF5 to form
complexes having conductivities as high as 1 Scm-1. It was reported
that as the conductivity increased the samples developed an intense EPR
signal characteristic of a highly delocalized electron which exhibited
a Dysonian lineshape at high dopant levels. One of the parts of this
dissertation was to study in detail the EPR and conduction mechanisms
in this material
.
Transition metal containing conducting polymers
As pointed out, many conducting polymer systems are reactive in
air which leads to a degradation of the conducting properties. In
attempts to solve this problem, some attention has been turned towards
the synthesis of polymers having unfilled orbitals in the main chain.
This method of creating charge carriers avoids the necessity of doping
and thus yields intrinsic conductors.
The complexation of transition metal ions with conjugated ligands
is one method that has been used to attain this goal. Linear Werner
type polymers, having the general structure shown in Figure 1.7, allows
electron mobility between the highly delocalized molecular orbitals of
11
Figure 1.7. General structure for linear Werner polymers.
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the ligands and the metal in the main chain. The electrons may also
possess a high interchain mobility, similar in nature to that seen for
the metal chain conductors.
A variety of these polymers have been synthesized. Table 1.1
along with the resultant conducti vites of the materials obtained.
Metal complexes with tetrathionapthalene^S^ tetrathiaful valene(TTF)-
tetrathiolate69,70^ and ethylene tetrathiolate71,72 have been reported,
but these are tetrafunctional ligands which necessarily form network
products upon reaction with bivalent metals. These materials are
obtained as black insoluble, infusible powders that are difficult to
puri fy
.
The TTF-tetrathiolate polymer can be regarded as a hybrid of the
TTF and metal bis-dithiolene (Mbdt) systems described above.
Electrical conductivities as high as 30 Scm'l have been observed for
the Ni containing polymer and thus it is of significance to conducting
polymer research.
A series of polymers, containing a variety of metals, was synthe-
sized using the ethylene tetrathiolate ligands, but maximimum conduc-
tivities of only 10-1 Scm'l were observed'^^.
The synthesis of l,3,4,6-tetrathiapentalene-2,5-dione
(thiapendione) was the first step toward these TTF -Mbdt polymers^^.
The reaction scheme is shown in Figure 1.8. Reaction of 1 or 2 with
base, under an inert atmosphere, leads to an air sensitive
tetrathiolate salt as shown in Figure 1.9. These salts are sub-
sequently polymerized by addition of metal ion solutions.
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Figure 1.9. Synthesis of tetrathiolate ligands
and polymerization with M (II).
7.1
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This system has been studied by Ribas^O who stressed the impor-
tance of oxidation in obtaining highly conducting products. They con-
tend that reactions carried out under inert atmosphere yield polymers
with conductivities as low as 10-4 Scm"!. Only after introduction of
Due to the insolubility and amorphous nature of these polymers an
in depth study of the physical properties has not been carried out. A
more characterizable system might be obtained if linear polymers were
synthesized.
The reaction of the difunctional tetrathiosquarate ligand^^ ^^^^
Ni(II), Pd(II) and Pt(II) yield polymers having the structure shown in
Figure 1.10. The composition shows these chains to have either
tetrathiosquarato potassium or chloride end groups. Approximate
degrees of polymerization of 10 to 25 have been found, but the conduc-
tivities were disappointingly low.
Tetrathiooxalate as a ligand . As recently as 1977, G. Gattow
wrote "In contrast to the opinion of earlier investigators the
existence of tetrathiooxalate, tetrathiooxal i c acid and its esters can-
not be considered as proven. "^^ The synthetic pursuit of tetrathiooxa-
late (TTO) has been reviewed by Hoyer^^. TTO, a di anion, is of
interest in this dissertation as a ligand for polymerization with tran-
sition metal ions in the preparation of intrinsically conducting
polymers.
The electrochemical reduction of CS2 in polar aprotic solvents has
been thoroughly studied'^^-^O. Instead of tetrathiooxalate (3), the
major product was found to be l,3-dithiole-2-thione-4,5-dithiolate (4).
Figure 1.10. Structure of poly(nietal tetrathiosquarate)
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Two general pathways have been proposed for the formation of 4 as
outlined in Figure 1.11. The first of these includes the initial for-
mation of TTO but it undergoes further reaction with CS2. HPLC studies
showed that TTO was the major product formed at the electrode surface
Almost simultaneously, two independent synthesis were published
for the preparation of TT082,83. Both involved the novel technique of
precipitating the desired product formed electrochemically before it
could undergo further reaction.
The Lund technique involes the electrolysis of CS2 in a KI
saturated solution of CH3CN to yield a yellow-brown product, composed
mostly of K2C2S4. This salt is dissolved in water and precipitated by
addition of tetraphenylphosphonium chloride. Recrystal 1 ization from
water produced needle like orange crystals with a composition
^48^40^2 *C2S4*6H20.
The method reported by Jeroschewski is accomplished by the
electrolytic reduction of a 0.5M CS2 solution in cold CH3CN saturated
with Et4NBr. This technique yields pure (Et4N)2C2S4, mp 186-189°C, in
yields as high as 75%. This was confirmed by synthesis of the dimethyl
ester derivative of tetrathiooxalate.
Figure 1.11. Mechanism for electrochemical
reduction of CS2.

CHAPTER II
GENERAL EXPERIMENTAL TECHNIQUES
The synthesis and characterization of electrically conducting
polymers requires special air sensitive handling techniques and a
variety of electronic measurements that are not commonly encountered.
This chapter will describe the important equipment and procedures used
in this dissertation work.
Material Handling
Inert gas lines
The handling and reaction of air sensitive materials was carried
out under either Ar or prepurified N2. When necessary the gas was
dried by passing it through a column of activated molecular sieves
(13X) and deoxygenated by passage over a supported copper catalyst
(catalyst R-311, Chemical Dynamics Corp.) at 120°C. An inert gas
handling line was constructed from V4 inch copper tubing, Nupro 4J
needle valves and Swagelock fitting. This line allowed a relatively
high gas pressure to ensure high gas flow. Connections were made to
Schlenk tubes and Luer lock needles (Aldrich Chem. Co.) for cannula
transfer using short lengths of V4 inch rubber pressure tubing. The
inert gas line was connected directly to the vacuum line to allow for
evaucation and backf 1 ushi ng.
Schlenk glassware
The handling and storage of most air sensitive compounds was
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carried out using typical Schlenk tubes and Schlenk round bottom flasks
equipped with ground glass or teflon vacuum stopcocks. When cannula
transfer was desired, #33 and #49 Suba-seals (Strem Chemical Co.) were
used. A Schlenk type millipore filter apparatus was designed for the
filtering of insoluble polymers under inert atmosphere and is shown in
Figure 2.1.
Vacuum lines
Vacuum lines having glass manifolds and either ground glass or
teflon high vacuum stopcocks were employed for vapor phase doping,
solvent degassing, sample drying, etc. A typical manifold is shown in
Figure 2.2. Low vacuum (10-2 10-3 torr) was attained using a Welch
model 1400 pump, while high vacuum (ca^ 10-5 ^q^^j attained by
including a mercury diffusion pump. The vacuum was measured using a
Penning model 8 ionization gauge and was routinely checked using a
tesl a coi 1
.
An all stainless steel vacuum system was built for reactions
carried out at high pressures of ASF5. Stainless steel (SS) gauges
were used to monitor ASF5 pressure up to 3 atmospheres. 316 SS tubing,
SS Swagelock fittings and SS-4BG bellows valves (Albany Valve and
Fitting) were used in the construction such that purified AsFs never
encountered glass during an experiment. A SS high pressure doping
reactor was constructed. Figure 2.3, such that changes in the conduc-
tivity of mounted samples could be monitored with doping.
Figure 2.1. Schlenk millipore filter apparatus.
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Figure 2.3. Stainless steel, 4-probe, high pressure doping
reactor.
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Dry box and glove bags
A Vacuum Atmospheres dry box and polyethylene glove bags, uti-
lizing a prepurified N2 or Ar atmosphere was used for the handling of
air sensitive solids and some solvents. For example, electrochemical
doping experiments using propylene carbonate were carried out in the
dry box with little contamination of the atmosphere. The quality of
the atmosphere was monitored by a punctured light bulb and could be
made to burn for 5 to 10 days indicating that the atmosphere contained
less than 10 ppm of O2.
Pop bottle techniques
Thick walled, crown capped glass reactors (commonly referred to as
pop bottles) were used in reactions where high pressures might be
expected and inert conditions were necessary. Solids were charged into
the pop bottles, purged with inert gas and sealed. Liquids could then
be introduced by syringe or cannula and the reaction carried out at
room or elevated temperatures.
Solvent purification
Many solvents were used in various applications throughout this
dissertation work. This section describes the purification procedures
employed for the more important solvents.
Methanol . Distilled under inert gas from Mg and a trace of I2.
Stored under inert gas either alone or over 3A molecular sieves.
Dimethyl formamide . Dried over BaO then vacuum distilled from
activated 3A molecular sieves using only silicone grease on the joints.
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Stored under inert atmosphere and used fresh due to ambient temperature
decomposition.
Methylene chloride. Distilled and stored under inert atmosphere
from activated 3A molecular sieves.
Propylene carbonate. Vacuum distilled from anhydrous sodium car-
bonate and potassium permanganate.
Tetramethylene sulfone. Vacuum distilled from NaOH pellets with a
slow argon bleed.
Joluene. Distilled from CaH2 and stored under inert atmosphere.
Elemental analysis
Analyses were performed by the University of Massachusetts
Microanalytical Service or Galbraith Laboratories. All samples of air
sensitive compounds were sent sealed under vacuum in pyrex tubes.
Electronic measurements
Electrical conductivity
The specific conductivity of a material (a) is determined by
measuring the resistence (R) of a sample of known dimensions. The
a can then be determined from
L
a = —
RA
where L is the length between the electrodes and A is the cross sec-
tional area of the sample. The resistance is measured using either the
two probe or four probe technique.
Two probe technique . Resistances greater than ca. 1000 ohms were
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measured directly using either a fluke 8020B multimeter (internal
resistance of 106«) or a Keithley 616 electrometer (internal resistance
of 10l4ft). This technique is used only for higher resistances because
Generally contact is made by laying thin wires on the sample and
affixing it in place with Electrodag 502 (Acheson) or Ag paste (ACME).
Four probe technique. The more highly conducting materials can
have experimentally measured resistances as low as IQ-lj^. This value
is lower than the contact resistance and thus a two probe measurement
is useless. The problem can be circumvented by attaching 4 leads in
series to a sample. Passing a known current through the outer leads
and measuring the voltage drop across the inner two leads allows com-
parison to the voltage drop across a standard resistor, when the same
current is passed through it, and determination of the sample
resistance.
Pressed pellet measurements
. Many of the materials synthesized in
this dissertation work are highly insoluble powders and thus cannot be
crystallized or cast into continuous films. Conductivity measurements
can be made by pressing the powder in a standard KBr press at 15,000
PSI and cleaving a sample to appropriate dimensions with a razor blade.
Leads can then be attached in the standard manner. We have developed
two presses for cases when the pellet exhibits no structural integrity
or the amount of material is limited and further characterization is
desi red.
The two probe press is very simple in design as shown in figure
2,4. The outer casing of the cell is composed of an insulating glass-
41
Figure 2.4. 2-probe press conductivity cell.
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filled teflon. The sample is held between two polished stainless steel
probes and contact is made to small screws at their ends. The closed
circuit resistance of this cell is less than 1 Q. After pressing the
measured. This represents the length in the calculation of conduc-
tivity and 7rr2 will give the cross sectional area. This cell can
measure samples having conductivities of less than 10-3 Scm"!.
A four probe press was developed for materials having higher con-
ductivities and is shown in Figure 2.5. The inner teflon rings and
plunger prevent any metal except the four thin electrodes from con-
tacting the sample. The measurement can then be carried out under
pressure using the same four probe method described above.
Charge polarization
A question of prime importance in the study of any conducting
material is whether the current is carried by ions or electrons. This
is efficiently measured using a Princeton Applied Research (PAR) model
173 potentiostat and 179 coulometer. A constant potential can be
generated across the sample and the current monitored. A material in
which the majority of the current is carried by ions will exhibit a
decrease in this current with time as the ions move to the metallic
blocking electrodes. When the polarity of the voltage is reversed an
initial large current surge will be observed as the ions flow the oppo-
site direction. An electronic conductor on the other hand will show no
change in the current.
The coulometer can be used to determine the quantity of charge
passed, registered as coulombs (Q), during the experiment. One can
nure 2.5. 4-probe oress conductivity cell.
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then apply Faraday's law.
Q = n F m = i t
where n is the charge per carrier, F is Faraday's constant (96,490), m
is the number of moles of carriers, i is the current in amps and t is
the time in seconds. In general, if more than one charge is passed per
possible ion in the material, and no drop in current is observed, then
the conduction is essentially electronic.
Temperature dependence of conductivity
Two methods were employed in measuring the temperature dependence
of the conductivity. A Heli-tran system composed of a liquid N2 dewar,
transfer line and 4-probe device was used to measure the conductivity
from -193 to 27°C. Only sample resistances less than lO'^^Q. could be
measured due to conduction of the saphire substrate.
A glass four probe apparatus was also employed in these
measurements. A typical 4-probe, which could also be used for gas
phase doping reactions, is shown in Figure 2.6. Samples were attached
to the wires by Electrodag and a thermocouple was sealed into the cell
just behind the sample. The 4-probe was filled with 1/2 atmosphere of He
or N2 gas for efficient heat transfer and the unit placed in a solvent
slush bath at the desired temperature. After thermal equilibration
reproducible data could be obtained.
Thermoelectric power coefficient (TEP)
The TEP was measured by mounting a film or pressed pellet sample
(ca. 0.5x0.2 cm2) between two copper blocks using pressure contacts in
Figure 2.6. Glass 4-probe apparatus.
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a N2 atmosphere. One of the blocks was heated to give a temperature
differenece of 2-5° (aT) measured with a copper-constantan differential
thermocouple and Keithley 147 nanovolt null detector. The potential
TEP could then be calculated from
TEP =^
AT
Electron paramagnetic resonance (EPR)
EPR samples of 1 to 20 mg were prepared by weighing films or
powders in capillary tubes and then sealing under vacuum in quartz
sample tubes. The EPR spectra were recorded on a Varian E-9 X-band
spectrometer equipped with a dual microwave cavity and variable tem-
perature probe. Spectra at -196°C were recorded using a liquid N2.
a,a^-diphenylpicrylhydrazyl (DPPH) was used as a reference for deter-
mination of £ values having a known £ of 2.0036. The £ values were
calculated from the crossover point of the first derivative spectrum
using the relationship
where H is the magnetic field at the crossover point and x and s repre-
sent the sample and standard respectively.
The EPR linewidth (AHpp) was measured as the peak to peak separa-
tion in gauss on the first derivative spectrum.
The spin concentration was measured by comparison to standard free
radical solutions. Solutions of tetramethylpiperidinoxyl in hexadecane
were prepared with concentrations of 10"2 and 10">^ M. Quartz EPR
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tubes, were loaded with 0.10 ml of these solutions, degassed on a
vacuum line, and sealed. Hexadecane was chosen because it is a liquid
at room temperature but freezes to a glass in a refrigerator preventing
sample degradation. Samples were found to be stable for more than 6
months. Since a small volume of standard solution was used all of the
radicals could be positioned in the center of the cavity and observed
by the spectrometer. Thus maximization of signal intensities of stan-
dards and samples allowed direct comparison by double integration. The
absolute number of spins (N^) in a sample could then be calculated
from:
.
H., (P3)V2 63 I, Ns (S, )2
,._MVD)
{Px)V2 I3 (s,)2 IC
where
Hfyi = modulation amplitude
P = microwave power (mW)
G = spectrometer gain
I = integral
Ng = # of spins in standard
S = sweep width (gauss)
X = sample
s = standard
Y = mass of integral
VD = vertical display constant
IC = integration constant
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This value was then used to determine the molar spin concentration.
Microwave power saturation studies were carried out, in conjunc-
tion with AHpp measurements, to determine the spin-lattice (Ti) and
spin-spin (T2) relaxation times. The Ti calculation requires the
knowledge of Hi, the actual microwave power in the TE102 cavity as
opposed to the input power from the klystron. Using the method of a
perturbing sphere the relationship
I
Hi
I
2 = 0.49 W
was previously found to hold where W is the klystron power in watts^^.
A saturation plot is generated by plotting the EPR amplitude
against the square root of the microwave power. Samples that saturate
exhibit a maximum or levelling off in this plot depending on the
mechanism. The microwave power at this point is the saturation power.
This value is used to calculate Hi and finally Ti.
1.97 X 10-7 (^Hdd)
Ti = ^JL.
1 (Hi)2
Ti is characteristic of the interaction between the spin and the orbi-
tal motion of the electrons on other atoms in the lattice.
The spin-spin relaxation time (T2) is derived from spectral
linewidth and is calculated from
T -
1-313 X 10-7
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Electrode potential
The potential of an electrode couple is described by the Nernst
equation.
E = E« In IM
nF [Red]
In practice the electrode potential is measured relative to a
reference electrode in an electrolyte of known concentration. In this
dissertation, potentials are reported versus the Li electrode in IM
Li"^ eletrolyte. Care was taken to expose a fresh Li surface before the
measurements and not allow the metal contacts on the Li to enter the
electrolyte. Potential measurements were made using a Keithley 616
digital electrometer. They are reported as open circuit voltages (Vq^.)
as used in most battery studies.
CHAPTER III
OXIDATION OF POLYACETYLENE IN THE PRESENCE
OF PERCHLORATE COUNTER ION
The reasons for the intense interest in polyacetylene (CH)^ as an
electroactive material have been outlined in Chapter I. Most of the
studies of perchlorate doped (CH)^ have been carried out within
electrochemical or battery cells. Though these experiments determined
specific electrode characteristics, some of the physical /electronic
properties of the conducting polymer were not determined.
This work described the oxidation of polyacetylene, in the pre-
sence of CIO4-, to yield [CH(C104)y]x. The electrochemical experiments
demonstrate the ease of controlling the doping reaction and describe
the magnetic and transport properties of the [CH(C104)y]x generated. A
separate doping technique, utilizing Fe(C104)3 as an oxidizing agent,
has been developed as a novel route to [CH(C104)y]x.
Experimental
Preparation of polyacetylene
Free standing films of polyacetylene, approximately 100 y thick,
were prepared by the method of Ito et_ al_^2 at -78°C. The properties of
(CH)^ synthesized by this method have been thoroughly studied and
explained in detai 1 41,85,86^ j^e resulting cis-rich films were ther-
mally isomerized to trans-(CH)^ by heating at 180°C for one hour under
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dynamic vacuum. Films were handled under N2 or Ar in the dry box and
stored at
-78°C under Ar.
Electrochemical doping
Electrochemical oxidation of trans-(CH)^ was performed by loading
a 1cm diameter specimen (ca^ lOmg) into a cell constructed from a
teflon stopcock (Figure 3.1). The platinum electrode makes pressed
contact with the film which can subsequently be removed for washing and
characterization after doping. Lithium wire counter and reference
electrodes (Alpha) were scraped clean with a stainless steel spatula
under 1 M LiC104 electrolyte in distilled propylene carbonate imme-
diately prior to use. The LiC104 was repetitively melt dried under
vacuum. Controlled potential oxidation (with IR compensation) was
carried out in the electrolyte described above using a Princeton
Applied Research (PAR) 173 potentiostat/gal vonostat. Charge was
recorded with a PAR 179 coulometer.
The oxidation of (CH)^^ was carried out by initially setting the
potential to that of the neutral film and then stepping the applied
potential just high enough to pass 0.02 to 0.05 mA/mg of polymer. The
low current assures a slow doping rate which is considered necessary
for uniform distribution of the counter ions. After each potential
step, the current was allowed to decay to less than 10% of the initial
current before another potential increase was applied. The molar
dopant level per CH unit, y, was determined coulometrical ly.
After doping to the desired level, the film was immersed in 5 ml
of electrolyte for 5 or 10 days to allow diffusion equilibrium of the
Pt LEAD
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dopant ions. This corresponds to 94% and 99.5% equilibration,
respectively, assuming a diffusion time constant of two days57. ^
second set of films were allowed to equilibrate for 21 days. The films
were then washed thoroughly with CH2CI2 and dried under vacuum.
Alternatively, immediately after doping the films were washed and
dried, then allowed to stand in a N2 atmosphere while changes in the
conductivity and open circuit voltage were monitored.
Ferric perchlorate doping
Anhydrous Fe(C104)3 (non-yellow, ICN-K and K Laboratories) was
used as received, or hydrated Fe(C104)3 was dried in a drying pistol
with P2O5 over refluxing CH2CI2. Higher drying temperatures were
found to decompose the compound. In the dry box, (CH)^^ films were
doped by immersion in toluene solutions saturated with Fe(III). After
doping to the desired conductivity, the films were removed, washed
thoroughly with toluene and CH2CI2, then dried by dynamic vacuum
overni ght
.
Characterization
The undoped and doped (CH)^ films were handled under inert
atmosphere at all times. The electrical conductivity (o), thermo-
electric power (TEP), electron paramagnetic resonance (EPR), open cir-
cuit voltage (Vq^-) and elemental analysis measurements were carried out
as described in Chapter II.
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Results
Electrochemical doping
Open circuit voltage
.
The dependence of V,, on the mol% degree of
oxidation (Y) was described in Chapter I by
Voc,24 hr = 3.43 + 0.14 In Y
This equation can be transformed to
Voc,24 hr = 4-07 + 0.32 log y
where y represents the molar ratio of dopant to CH units. Kaneto et
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ai studied the dopant range of 3x10-3 < y < 6x10-^ and observed that
the value of V^^ decreased with the time of contact between the doped
polymer and the electrolyte. We have extended this experiment to
10-6 < y < 9x10-2 and increased the time of equilibration to 5 and 10
days as shown in Figure 3.2. The results are in contrast to Kanetos'
which would predict linear behavior in this plot. The shape of the
Vqc versus log y plot resembles, to a certain extent the log a versus
log y plots, suggesting that the large change in charge carier proper-
ties occurring at the semiconductor to metal transition affects the
electrode potential also. These results are also contradictory to the
conclusion that
^0Cy2^ hrs represents a pseudo equilibrium measurement.
It can be seen that V^^^q is generally smaller than Voc,5 day-
Figure 3.3 shows that electrochemical ly doped (CH)^ retains its
original conductivity when stored in nitrogen after rinsing and removal
of the solvent. A doped film, stored in contact with electrolyte.
Figure 3.2. Plot of \Iq^ vs_. log y for [CH(C104)y]x
• 5 day, A 10 day.
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Figure 3.3. Plot of conductivity (a) vs. exposure
time to: •electrolyte, A nitrogen.
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loses conductivity steadily. A similar effect is observed for the
Vqc for films stored under nitrogen and electrolyte.
Transport p roperties
. The variation of the room temperature
a with dopant level is shown in Figure 3.4. There is no significant
change in o for 10-6 < y < io-3.5 above which there is a 10^ fold
increase between 10-3.5 < y < lO'l'S. if ^^^^^^ mid-point of
this transition at a = 10-2 Scm-1, then this corresponds to a y value
of ca^ 8x10-3. The open squares in Figure 3.4 are those of specimens
equilibrated with the electrolyte for 21 days. They have, in general,
a lower a than those equilibrated for shorter times.
There is only a small decrease in the TEP between
10-6 < y < 10-3 as shown in Figure 3.5. A precipitous drop is then
observed between 10-3 < ^ < ^q-Z ^^^^^ mid-point of the transition
at y of ca_^ 3x10-3. j^g ^ero current TEP measurement is not affected
by the interfibril contribution to the resistance observed by d.c.
measurements and thus the electronic transition occurs over a narrower
range and at a lower value of y.
Magnetic properties . A study of the unpaired spin concentration,
as a function of dopant level, was carried out on electrochemical ly
doped samples of (CH)^ and found to remain essentially constant for
10-6 < y < 10-2 as shown in Table 3.1. It was possible to double
integrate the EPR spectra over this entire range. When the films
attain a a = 10 Scm"^ at y = 10-2, ^he EPR spectra assumed a Dysonian
lineshape^^. Figure 3.6 shows the increasing assymetry that was
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Figure 3.4. Plot of log conductivity (log a) vs.
log y for [CH(C104)y]x: • 5 day,
A 10 day and 21 day.
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Figure 3.5. Plot of thermoelectric power (S) vs.
log y for [CH(C104)^]^: 0 5
^
A 10 day.
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TABLE 3.1
Spin Concentrations for [CH(C104) ]
Equi 1 ibration
Time
5 day
[CH(C104)y]j^ CH
Spins
unit
1.3 X 10-6 4.78
1.1 X 10-5 6.58
3.2 X 10-5 7.41
1.0 X 10-4 6.25
3.0 X 10-4 3.89
1.0 X 10-3 3.65
3.0 X 10-3 6.76
1.3 X 10-2 3.64
3.2 X 10-2 4.27
..5.25
Relative Standard Deviation 28.6%
(x 104)
10 day 3.1 x 10-5 3^32
1.3 X 10-4 4^78
3.0 X 10-4 3^33
1.0 X 10-3 3^08
3.1 X 10-3 3^65
1.5 X 10-2 3^39
3.2 X 10-2 3,91
Average 3.71
Relative Standard Deviation 14.9%
21 day undoped 3.82
2.9 X 10-5 4,33
2.3 X 10-3 3.88
9.5 X 10-3 4,30
2.3 X 10-2 3,60
3.0 X 10-2 3,25
Average 3.86
Relative Standard Deviation 10.7%
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Figure 3.6. Plot of EPR Dysonian ratio vs.
log conductivity (log a): # 5 day.
10 day, O 21 day.
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observed with increasing dopant level making it impossible to integrate
the spectra.
A temperature dependence study of the EPR signal intensity was
carried out on [CH(C104)^]^ samples doped to various levels. Undoped
and lightly doped samples exhibit Curie dependence between +30 and
-140°C with the signal intensity increasing by about a factor of 2 over
this range as shown in Figure 3.7. At high dopant levels the signal
intensity is temperature independent, suggestive of Pauli
susceptibility. It can be seen in Figure 3.8 that a precipitous drop in
the Curie dependence occurs at about the same dopant levels as the
a and TEP transitions.
Ferric perchlorate doping
The room temperature a for (CH)^^ films, doped to saturation with
Fe(C104)3, is greater than 500 Scm"!. Upon doping the films turn a
brilliant gold in color. Figure 3.9 shows that the increase can be
monitored with time, reaching its limiting value after 2 to 3 hours
when the dopant has diffused throughout the film. Interestingly,
doping could not be accomplished using either water or methanol as the
solvent.
Elemental analysis of a doped film indicates a chemical formula of
^1. 001^1. 04^10.03200.092' The oxygen content was determined by dif-
ference and thus is not an accurate measure. The theoretical com-
position of [CH(C104)o.025]x determined by weight uptake is: C,
77.5%; H, 6.5%; CI, 5.7%; 0, 10.3% and Fe, 0.0%; found: C, 76.6%; H,
6.6%; CI, 7.4%; 0, 9.4% and Fe, < 0.05%. The Fe content is less than
68
Figure 3.7. Plot of relative EPR intensity vs. 1/T
for [CH(C104)
m undoped
O 1.3x10-2
• 8.9x10-2

Figure 3.8. Plot of Curie slope ys^. log y for
[CH(C104)y]^.
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Figure 3.9. Change of conductivity (a) with
time during Fe(C104)3 doping.
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6.5x10-5 moles of Fe per mole of C indicating that the dopant species
is not a transition metal complex.
As will be explained below, the mechanism of this doping reaction
leads to the same material as that produced by anodic oxidation of
(CH)^ in the presence of CIO4-. Thus it can be used as the cathode
active material in rechargeable batteries. Figure 3.10 shows a
constant current discharge at 1mA for a
[CH(C104)o.o64]x
|
^.5 M LiC104 (propyl ene carbonate)
|
Li °
cell where the (CH)^ was doped using Fe(C104)3. The electrode exhibits
a Vq^ of +3.71 volts. Discharge caused the potential to fall imme-
diately to +3.35 volts, followed by a slow decrease to approximately
+3.0 volts at a dopant level of 2.8 mol%.
Transport properties
. Figure 3.11 shows the dependence of the
conductivity on dopant level from 2 to 6.5 mol % as determined using
weight uptake experiments. The conductivity can be controlled by
varying the dopant level, but it can be seen that this technique does
not give as broad a dopant range as electrochemical doping.
Further evidence demonstrating the metallic nature of these films
is TEP data. A sample having a composition of [CH(C104)o.o65]x
exhibited a low TEP of +30 p VK"1. The positive sign of the measured
voltage shows the p-type nature of this dopant.
Magnetic properties
. [CH(C104)o.o45]x synthesized by
Fe(C104)3 doping is paramagnetic. It exhibits an EPR signal at a field
near the absorption for the free electron = 2.0023) similar to
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Figure 3.11. Conductivity vs. Y for [CH(C10^)y]^ by FetClO^)^
doping method.
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undoped trans-(CH)x. The signal is highly anisotropic, having a
Dysonian lineshape and an A/B ratio of 8/1 consistent with metallic
electrons as shown in Figure 3.12. Very similar lineshapes have been
observed for the heavily el ectrochemical ly doped samples. The skin
depth^^ ^i^g^ ^i^g microwaves can penetrate a plate like metallic
shape can be calculated from
6 = ~ (9xl0ll a f )
where C is 3xl0l0 cmsec"! and f is the microwave frequency
(ca^ IxlOlO Hz). The factor of 9xl0ll converts the a in units of
Scm-1 to cgs units. The calculated skin depth of 29m for films having
a a of 300 Scm"! is less than the 100 y thickness of our samples, con-
sistent with the results.
Discussion
These experiments demonstrate that [CH(C104)y]x can be synthesized
using two separate techniques. One of the major goals of this work was
to understand the homogeneity of the dopant ion distribution attained
using different doping techniques. In the past, dopant homogeneity has
proven important to studies of the electronic properties of chemically
doped (CH)x^^"^^. All of these experiments were carried out on
trans-(CH)x because the thermodynamically unstable cis form slowly iso-
mer! zes at room temperature. It has been conclusively shown that chem-
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CH(CIO4)04
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Figure 3.12. EPR signal for [CH(C10^)q q^]^ by Fe(C104)3
doping method.
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ical and electrochemical doping causes isomerization91,92 ^ould
lead to one type of structural heterogeneity.
Electrochemical doping
Dopant homogeneity. The question of statistical spatial distribu-
tion of the counter ions has been a subject of controversy in the
field. Within our research group several criteria for homogeneity in
the case of chemical doping have been proposed^O. At low doping
levels, below the electronic transition, there should be little change
in the o, TEP and EPR intensity. The EPR signal should be a single
absorption and should not exhibit Dysonian behavior at doping levels
less than a few percent. The number of Curie spins should decrease as
the sample becomes metallic. The electronic transitions should be
sharp with their midpoints occurring at the same doping level. In
general the TEP transition occurs within a twofold increase in dopant
concentration while the a transition, affected by interfibril
resistance, is broader.
Due to the nature of electrochemical doping, one must consider
the homogeneity of dopant ion distribution at two different morphologi-
cal levels. The first is the macroscopic distribution across the
thickness of the 100 \i film and the second is that across the
200 A (CH)x fibril, from the surface to the core.
For the macroscopic film, initial oxidation will occur at the Pt-
polymer contact. Using the Pt button cell di scribed, further removal
of electrons will proceed across the thickness of the film. An experi-
ment was carried out with two (CH)^ films sandwiched together and
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placed in the doping vessel to study this process. A potential of +3.7
volts was applied for 24 hrs and the two films were separated, washed
and dried. Compositions of [CH(C104)o.04]x and [CH(C104)o.o3)x were
found by elemental analysis with representative conductivities of 11
and 9 Scm-1. Thus for highly doped samples the dopant ions are distri-
buted across the film with a small concentration gradient, but the
doping does proceed completely through the film. This small difference
was similar to that observed by castaing microprobe studies^S.
With regard to the microscopic homogeneity of electrochemical
doping, Kaneto et al^^ attributed the voltage decrease of [CH(C104)y]x,
on standing after doping, to the diffusion of dopant ions from the
exterior to the interior of the fibrils. This process is said to be
slow and a diffusion limited equilibrium is approached after 24 hrs.
Since the Mq^ is determined by that portion of the electrode in contact
with electrolyte, its value will decrease with time on standing as the
extent of oxidation at the exterior of the fibrils decreases while the
degree of oxidation in the fibril interior increases by diffusion of
CIO4-.
The results in Figure 3.2 show several differences from the work
of Kaneto. First,
^qq^iq day ''S much lower than Voc,5 day especially
at low dopant levels. It can be seen that the V^^ decreases with con-
tact time in electrolyte. Secondly, the empirical equation determined
in Kanetos ' work applies, at best, only for the limited dopant range
studied.
Figure 3.3 shows that the decrease in a of [CH(C104)y]x in contact
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with electrolyte is not exhibited by film kept in N2 without
electrolyte. Therefore, the electronic changes may not be due to dif-
fusion equilibration of the counter ions by solid state diffusion.
Careful study of Figure 3.4 shows that samples equilibrated in electro-
lyte for longer times exhibit lower conductivities even though they
were initially doped to the same level. In fact, we have seen that
ultrathin films of (CH)^, prepared by direct polymerization of acety-
lene on electron microscope grids94-96^ ^an be doped to saturation by
one cycle of cyclic voltammertry in ca^ 10 sec97. jhis demonstrates
that diffusion of CIO4- can be quite rapid within the microfibrils. It
is possible that the a and V^^ changes are due to a solvent assisted
diffusion into the fibrils, but it seems more likely that reaction of
the doped polymer and electrolyte is occurring leading to a degradation
of the electronic properties.
Transport and magnetic properties . The changes in a and TEP
versus y observed here are nearly as sharp as those reported for
(CH)x slowly doped with I2 and AsFs^^. This large increase in
transport properties, commonly referred to as the semiconductor to
metal transition (SMT), occurs at a much lower dopant concentration
than the few percent suggested by early studies. The term SMT is a
misleading one when applied to these studies because heavily doped
(CH)j^ is not a true metal. Its a does approach that of some of the
lesser conducting metals, but it does not exhibit the metallic property
of increasing a with decreasing temperature. The most highly con-
ducting samples can be viewed, at best, as very lightly activated
semi conductors
.
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The sharp o and TEP changes with y do represent a definite
electronic transition. At low dopant concentrations the carriers are
strongly pinned by the coulombic potential of the counter ions. They
are rather immobile and require significant activation for transport
through hopping. At high dopant concentrations the pinning potentials
are screened and the mobility of the carrier increases greatly. Thus
the sharp increase of transport properties may be considered as a tran-
sition of the carriers in a state of low mobility to a state of high
mobility. An analogy might be a typical thermodynamic melt transition.
Above the transition, any further increase of a can be attributed to an
increase in the number of carriers. This metal to nonmetal transition
has been observed for many condensed systems ^8. in fact, Mott first
predicted that the transition should, in general, occur at a critical
carrier concentration, n^-, given by
nc an = 0.25
where an is the effective radius for an isolated carrier center. The
universality of this equation has been experimentally confirmed for
many systems including doped (CH)x^.
Comparison of the EPR and transport results of trans-(CH)x doped
chemically and el ectrochemical ly show similarities as well as
differences. The midpoint of the decrease in TEP occurs at
y = 8x10-4 for I2 and ASF5 doped (CH)x, but is observed at a higher
dopant level of y = 3x10-3 for [CH(C104)y ]x. According to the above
interpretation of the carrier transition there should be some depen-
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dence on the size, charge density and pol arizabi lity of the counter
ion, though this effect may be small. The EPR intensity of chemically
doped {CH)x decreases precipitously in the vicinity of y for the
transition84,90. On the other hand the unpaired spin concentration of
electrochemically doped (CH)^ did not show any decrease over the entire
dopant range studied. With increasing extent of oxidation the EPR
intensity becomes less temperature dependent, meaning that the Curie
susceptibility decreases. At high doping levels the EPR is temperature
independent indicative of Pauli susceptibility.
Mechanism of conduction
. There are three ways the oxidation of
(CH)x can proceed to form charge carriers. The first of these is the
direct oxidation of a neutral defect, also known as a neutral soliton.
This is shown in Figure 3.13 for chemical (Equation 3.1) and
electrochemical (Equation 3.2) oxidation. The second route is oxida-
tion of a carbon-carbon double bond to form a radical cation, or
polaron, as shown in Figure 3.14 for chemical and electrochemical oxi-
dation (Equations 3.3 and 3.4 respectively). The last method is bipo-
laron doping resulting in two diamagnetic charge carriers after annihi-
lation of the neutral defects. This is demonstrated in Equations 3.5
and 3.6 (Figure 3.15).
In Equations 3.1 and 3.2 the undoped chains contain a neutral
defect that can interact with a polaron formed upon doping to create a
positive carrier annihilating two spins. This results in a diamagnetic
positively charged carrier on the polymer chain.
Feldblum et al.^0 have interpreted optoelectrochemical oxidation
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Figure 3.15. Biopolaron doping
Equation 3.5, chemical doping
Equation 3.6, electrochemical doping
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data as doping by polaron injection and undoping as soliton removal.
This explains the hysteresis observed showing charge injection at
higher potentials than charge removal when the system is close to dif-
fusion equilibrium. This was also observed in direct studies using
electrochemical voltage spectroscopy99. jhey describe doping as
occurring by charge injection accompanied by a lattice distortion, due
to dopant ion insertion, resulting in polaron formation. Continued
injection of single charges leads to a finite density of polarons and
subsequent spin annihilation/combination to lower energy solitons.
Charge removal occurs from the midgap state leaving the undoped
trans-(CH)x chain.
Turning to the EPR results, at low dopant levels the change in
unpaired spin concentration is small because of the intrinsic spin con-
centration of about 10-3 mole-1 in undoped trans-(CH)x. For y >
10"^ the change in unpaired spin concentration depends on which of the
above doping pathways dominate. The present electrochemical results
appear to be consistent with the predominant production of polarons and
subsequent bipolaron pairs (Equations 3.4 and 3.6) by successive oxi-
dations of nearby chains or segments of a chain. Initial oxidation
must occur at the Pt -polymer contacts. Regions of (CH)^ away from the
metal electrode surface will not dope until the regions closer to the
metal have attained a high enough a to transport charge. Continued
electrochemical doping produces domains of metallic electrons which may
or may not include the initial defects of the pristine polymer.
This is in direct contrast to gas phase chemical doping where oxi-
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dation can occur at any point within the film that a dopant molecule
can diffuse to. The other mechanisms. Equations 3.1, 3.3 and spin
annihilation are probably dominant here, resulting in the disappearance
of the spin intensity with increasing y.
To conclude, phase separtion into metallic domains can occur in
electrochemical doping with CIO4-, as well as chemical doping systems.
In the case of (CH)^^ very carefully I2 or AsFs doped, no Dysonian EPR
is observed and it is likely that the carriers are homogeneously
distributed.
Ferric perchlorate doping
These experiments were stimulated by the discovery of Clarke et^
al_.100 that (CH)x could be oxidized to the highly conductive state
using AgC104. They suggested the doping reaction:
(CH)x + xy AgC104 > [CH(C104)y]x + Ag°
In our initial electrochemical studies a method was desired to
overcome the initial high film resistance that lead to slow doping
rates and macroscopic heterogeneity. A chemical "pre-doping" was con-
sidered to overcome these problems.
Unfortunately AgC104 doping leads to the plating out of islands of
Ag metal on the film. When this film is electrochemically oxidized the
Ag° is oxidized to soluble Ag"*" which contaminates the electrolyte.
Since the ferric ion was a known oxidant for (CH)x^^-^, attention was
turned to Fe(C104)3.
The oxidation of (CH)^ with Fe(C104)3 yields highly conducting
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films with a chemical composition of [CH(C104)y]x. This composition is
the same as that found when using the (CH)^ as the anode in
electrochemical doping in the presence of CIO4-. Thus the doping reac-
tion occurs by:
(CH)x + xy Fe(C104)3 ^ [CH(C104)y]x + xy Fe(C104)2
This doping reaction, carried out in toluene, proceeds at a very
fast rate, as shown in Figure 3.9, and is very hard to control. For
this reason, studies of a with dopant level (Figure 3.11) have been
limited to the highly conducting regime and thus a thorough study of
the SMT was not feasible. It is also likely that this fast doping rate
leads to heterogeneously doped samples. This is evidenced by the high
Dysonian anisotropy observed in the EPR.
Though the reaction of (CH),^ with Fe(C104)3 is not as easily
controlled as the electrochemical method it still may play a role in
battery applications. Polyacetylene electrodes will always be operated
at dopant levels above the SMT where the films are highly conducting.
Below this level the high internal resistance will drastically decrease
the power output of the battery. The Fe(C104)3 doping technique could
allow a high quantity of (CH)^ to be doped quickly, cut to the
appropriate size and then mounted in battery cells in the charged
state. This would avoid the initial time consuming electrical charging
of each separate cell and the high surface area metallic screens used
to make contact at many points of the polyacetylene would not be
necessary.
CHAPTER IV
POLY(PHENYLENE VINYLENE) AND ITS ANALOGS
As described in Chapter I, a variety of aromatic and heterocyclic
polymers have been shown to undergo dramatic increases in electrical
conductivity, of up to 16 orders of magnitude, when exposed to various
electron-donor or electron-acceptor compounds.
In this work a variety of arylenevinylene compounds including
PPV, were prepared featuring variations in multiple bond conjugation,
cis-trans structures, and molecular weight. A series of meta- and
para-linked arylenevinylene compounds were prepared for direct com-
parison of their conductivities and physical properties. A study of
molecular structure, dopant level, limiting conductivity (a), electron
paramagnetic resonance, temperature dependence of conductivity, and
NH3 compensation of the aromatic conducting materials was carried out
to compare the doped arylenevinylenes with doped polyacetylenes and
conductive charge-transfer salts^^^. This chapter will concentrate on
the EPR characteristics and mechanism for charge conduction in these
doped arylenevinylenes.
Experimental
The synthetic methods used to prepare the materials under
investigation have been described previously and are listed in Table
4.1.
Both glass and stainless steel high-vacuum systems (10"^-10"^
91
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Table 4.1. Structure and Conductivities of ASF5
Doped Arylenevinylenes.
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torr) were used for the transfer and purification of dopants and the
doping of compounds. ASF5 was purified by the method of Clarke et
il, and in situ doping of pressed pellets was carried out by moni-
toring the conductivity using the four-probe technique with Pt wires
and Electrodag 502 contacts. Prior to each experiment, the four-probe
apparatus was evacuated and the ASF5 reservoir was degassed by three
freeze/pump/thaw cycles at -196°C. ASF5 was condensed into the cold
finger of the 2-L reservoir at -196°C. During doping, a pentane slush
bath (-131°C) was used to maintain low vapor pressure (0.12 torr) to
minimize rapid and inhomogeneous doping. After the system to the pump
was closed, ASF5 was admitted into the submanifold between the gas
reservoir and four-probe apparatus for a few seconds and the system
was closed again. A small volume of dopant was passed into the four-
probe apparatus containing the sample by opening the connecting high-
vacuum stopcock. When the sample resistivity stabilized, the proce-
dure was repeated many times, resulting in progressively smaller
resistivity decreases until no change in conductivity was observed at
0.12 torr of ASF5. This procedure was followed by continued doping
controlled by a methanol slush bath (-98°C) until no change in conduc-
tivity was observed. ASF5 in the vacuum system and four-probe chamber
was recondensed into the dopant reservoir at -196°C, followed by eva-
cuation for 4 hr. to remove residual ASF5 in the sample. Limiting
conductivities obtained in this manner were highly reproducible from
sample to sample. Composition of the doped materials was obtained by
weight uptake from loose powders reacted simultaneously with pressed
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pellets. Doping reactions carried out in the stainless steel vacuum
line were done similarly but with a final pressure of AsFg greater
than 2 atm. The a results of ASF5 doping are given in Table 4.1.
Similar doping procedures using iodine and bromine were employed.
Iodine doping of PPV at 1 atm was accomplished by heating in a sealed
tube at 180°C.
Sample handling in the preparation of samples for dopant weight
uptake analysis, EPR spectroscopy, and temperature-dependence studies
was carried out in a Vacuum Atmospheres drybox under a N2 atmosphere.
Temperature-dependent conductivity studies were carried out in a
large four-probe apparatus immersed in solvent slush or hot oil baths
The apparatus was filled with ca^ 1 atm. of dry N2 for efficient heat
transfer and a thermocouple at the sample allowed accurate deter-
mination of sample temperature.
EPR samples (5-20 mg) were prepared by weighing in capillary
tubes and then sealing under vacuum in quartz sample tubes. EPR
spectra were recorded on a Varian E-9 X-band spectrometer equipped
with a dual microwave cavity and variable-temperature probe.
Di phenyl pi crylhydrazyl (DPPH) was used as a reference for deter-
mination of £ values, and standard solutions of DPPH and tetra-
methyl pi peri di nyl oxyl were used in determination of spin
concentrations.
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Results and Discussion
Synthesis and characterization
The synthesis and characterization of the compounds described
here has been reported previously. KossmehllOS has reviewed aromatic
conjugated polymers, with special emphasis on their synthesis and
semiconductor properties. Only poly (p-phenylenevinylene) (PPV) is
discussed here. PPV was prepared both by Wittig condensation of the
bis-ylide derived from 1.4-bis(methylenetriphenylphosphonium) cation
and a slight excess of terephthalaldehydelO^ by dehydrochlorination
of p-xylylidene dichloridel05. T^e Wittig synthesis charac-
teristically produces a large fraction of cis double bondslO^^
fact, reflux of Wittig PPV in xylene with a trace of iodine converted
this lemon yellow material, which exhibited some softening above
200°C, to a slightly darker material which exhibited no melting or
softening below 400°C. The former presumably contains a substantial
fraction of cis-olefin linkages (9) while the latter is al 1 -trans-PPV
(11). A slight excess of dialdehyde was employed in synthesis to
ensure aldehyde end groups. Thus molecular weight was estimated by
elemental analysis, C/0 ratio, and corresponds to low DP values of
3-9.
The polymerization by dehydrochlorination is expected to produce
mainly the more stable trans-ol efi nic linkages^^''. Reflux with iodine
in xylene causes no observable change in this material (10 and 12).
Thermogravimetric analysis of this PPV revealed an 11.5% weight
loss attendant upon heating at 20°C/min to 500°C. The recovered
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sample had changed from lemon yellow to dark orange. In a preparative
experiment a sample underwent an 8% weight loss accompanied by a
change from yellow to orange on heating under vacuum at 300°C for 3
hrs. The volatile fraction appeared to be mainly HCl . The elemental
analysis results showed a substantial reduction in CI content with
pyrolysis. Before pyrolysis: C. 84.4%; H, 6.15%; CI, 7.5%; after
pyrolysis: C, 88.7%; H, 6.2%; CI. 2.75%. Assuming each chain to con-
tain chloromethyl endgroups the analysis of the pyrolyzed material
corresponds to an appproximate degree of polymerization of 10. The
probable mechanism for this is given in Figure 4.1.
None of our PPV samples gave X-ray powder diffraction patterns;
thus we have concluded that they are amorphous.
It is of major importance to note, that the electrical properties
of arsenic pentaf luoride doped samples of all of the different PPV's
described above are essentially identical. A typical IR spectrum of
AsF5-doped PPV shows only a broad absorption attributed to the con-
ducting electrons.
The properties of AsFs-doped PPV's are insensitive to double-bond
configuration and to differences in molecular weight and end groups,
because the powerful oxidant and Lewis acid ASF5 causes further poly-
merization by chain extension and cross-linking when it comes in con-
tact with the PPV prepolymer. Polymerization of aromatic compounds
such as benzene by powerful Lewis acids is wel 1 -known. It may be
proposed that such processes proceed first by the formation of cation
radicals, and then the strong oxidant removes hydrogen atoms to
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achieve oxidative coupling. This is illustrated simply for benzene in
Figure 4.2.
The chain extension process, real though it is, may have only
mnor influence on electrical conductivity (a). For instance, Na-
doped PPV has a comparable to AsF5-doped PPV; yet additional polymeri-
zation to give extended conjugated systems is not expected. Coupling
of radical anions would introduce saturated sp3 bonds. Furthermore,
the chain extension reaction would certainly be affected by the end
groups in PPV; yet compounds 8-12, having different CHO, CH2CI
, and
CH3 end groups, gave AsF5-doped products with about the same
conductivities.
Electron paramagnetic resonance
All materials investigated in this work which exhibited a large
increase in electrical conductivity upon ASF5 doping developed intense
EPR signals. A typical spectrum is shown in Figure 4.3. The converse
is, however, not true. These EPR signals are symmetric, having £
values very near that of the free-electron value (Table 4.2).
Previous reportsl09 of a Dysonian line shape were probably due to
gross inhomogeneous doping of pressed pellets; all the present
measurements were made on fine powders. The spins arise from Curie
susceptibility as shown by T"! dependence of the EPR intensity for
AsF5-doped trans, trans-l,4-distyrylbenzene in Figure 4.4.
The EPR linewidths are very narrow: those for AsF5-doped com-
pounds 2,5,9,12 and 13 have AHpp of 0.20-0.6 G. The spins in these
102
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Figure 4.3. EPR spectrum of AsF[- doped PPV.
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doped arylenevinylene compounds are delocalized and the linewidth may
be attributed in part to unresolved hyperfine interactions with the
olefinic as well as the aromatic protons. This was demonstrated by
the synthesis of the deuterated PPV analogue, show in in Figure 4.5
along with the non-deuterated analogue, by the method of
dehydrochlorination. The deuterated and non-deuterated polymers were
both exposed to ASF5 vapor at
-98X to y-0.55, where y is the moles of
dopant per mole of structural unit. The deuterated compound has an
EPR linewidth of 0.48 G as compared to 1.1 G for the nondeuterated
material. The narrower line width is attributable to the smaller
magnetic moment of the deuterium than proton.
The spin in doped arylenevinylene compounds is mobile as indi-
cated by the increase of the EPR linewidth with decrease of
temperature. This is illustrated in Figure 4.6 for
[trans-PPV(AsF5)o.78]. Similar temperature dependences were observed
for [trans-PPV(I)o,39] and AsFs-doped trans, trans-l,4-distyrylbenzene.
The linewidths vary inversely with temperature. The structure of the
arylenevinylene compounds affect the EPR linewidths. Thus the meta
derivative of PPV (14) and poly (p-diethynylbenzene) have larger
linewidths than the other compounds, supporting the hypothesis that
conjugation is limited in these substances.
Poly[(2,5-dimethoxyphenylene)vinylene] was the only material that
exhibited an EPR signal in the undoped state. The signal is located
at g = 2.0050, has a linewdith of 10 G, and corresponds to approxima-
tely 1 spin per 10^ structural units. This spin concentration is 100
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and
Figure 4.5. Structures for deuterated and non-
deuterated PPV.
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Figure 4.6. EPR linewi'dth (aH) vs. T" for [PPV(AsFc)„ ,(,].
times smaller than that found in doped samples. We attrbute this to
occasional semlquinone radicals along the chain. The measured £
values are close to those found for the semlquinone radical 1ons of
benzoquinone and dichloroquinone.HO The unpaired spin also obeys the
Curie relationship.
The AsF5-doped arylenevinylene compounds have very high unpaired
spin concentrations of about 1-4% of the structural units. There is
no correlation between spin concentration and conductivity (Table
4.2). For instance, doped poly (m-phenylenevinylene) has the highest
unpaired spin concentration but an extremely low conductivity. The
unpaired spin is S = 1/2. charge = 0 and cannot act as a carrier.
The unpaired spins are probably produced by the following
processes. Oxidation of the tt system of the polymer chain by AsFs or
I2 leads to formation of a radical cation whose concentration
increases with increasing dopant concentration as seen in Figure 4.7.
Further oxidation of the same chain leads to a dication/di radical
,
where the radicals may combine to form a diamagnetic dication. An
intermolecular analogue of this process can result in chain extension
and/or cross-linking. These processes may account for a substantial
fraction of the AsFs content of the highly doped material.
The unpaired spins saturate homogeneously as illustrated by the
saturation curve in Figure 4.8. Saturation occurs if an increase in
microwave power results in no further increase in amplitude. This
maximum signal amplitude or saturation value was used to compute the
spin-lattice relaxation time (Tj), as described in Chapter II.
CO
O 30-
O 0.2 0.4 0.6
mole As Fg
mole PPV unit
Figure 4.7. Spin concentration vs^. dopant level for AsF
doped PPV.
[power]
Figure 4,8 EPR saturation plot for AsF^ doped:
trans, trans-di styryl benzene
trans-PPV by dehydrochlorination
112
Increased dopant concentration results in shortened Ti values
(Table 4.3), indicating increased coupling between the spin system and
dopant nuclei. The tighter the coupling of the spin system and the
lattice, the shorter Ti becomes and the quicker recovery from pertur-
bation occurs. Both the ^ value and AHpp were independent of the
dopant level and thus the spin-spin relaxation times (T2) are constant.
Electrical conductivity
Exposure of pelletized polymer which contained the p-phenylene
linkage to ASF5 vapor (final pressure 20.0 torr) causes darkening of
the samples and enhancement of conductivity by up to 14 orders of
magnitude. All of the samples were insulators [a < 10-12 Scm'l]
before doping, and the highest conductivity increase and highest
limiting conductivity were exhibited by PPV: o(undoped) = 2.2 x
10-14 Scm-1 and a(limiting, ASF5) - 1 Scm-1. u exhibits continuous
absorption in the infrared region owing to absorption by conducting
electrons. Limiting values for conductivity and dopant weight uptake
are listed in Table 4.1. Conductivity values could be reproduced
routinely within a factor of 2-3.
The structure-conductivity relationships of these ASF5 doped
arylenevinylenes were thoroughly described by GourleylH and thus only
a brief overview will be given here.
In the case of the PPV samples 8-12 little dependence of limiting
conductivity on structure was observed. There is no dependence of
conductivity on average degree of polymerization (compare 8 and 9) and
113
COMPOSITION T^. MS T
. NS
PPV(AsF6-),oo3g 10.0 93.0
PPV(AsF6-),047 5.9 16^1.
0
PPVCAsFb") JO 16^.0
PPVCAsFg-)^^^ 1.5 165.0
Table 4.3. EPR Relaxation Times for AsF^ Doped
Poly(phenylene vinylene).
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double-bond configuration also fails to affect conductivity in an
important way (compare 9 to 11 and 10 to 12). Cis-to-trans isomeriza-
tion of olefin linkages on doping owing to lower
.-bond orders in the
cation radicals is a reasonable explanation. Such a process has been
shown to occur on doping of cis-polyacetylene.^l
Limiting conductivity is also independent of the polymer end
groups: aldehydes in Wittig PPV, 8, 9 and 11 and probably a mixture
of methyl, chl oromethyl
,
and perhaps some hydroxymethyl from hydroly-
sis of chloromethyl in samples 10 and 12. With the exception of
methyl, all these end groups are capable of participating in
Friedel
-Crafts-type alkylations of other PPV molecules under the
influence of ASF5. Thus, few of them are likely to survive in
AsF5-doped PPV.
A significant observation for many materials in pressed pellet
form is the formation of a thin black surface layer or skin upon
doping, presumably impenetrable to dopant, leaving the pellet's
interior undoped. This skin effect is caused by cross-linking and
chain extension through the Friedel
-Crafts mechanism described above.
Doping of a pellet of Witting-synthesized trans-PPV with 2.1 atm.
of ASF5 in a stainless steel system for 24 hrs resulted in apparent
homogeneous doping and a higher dopant uptake at the limiting
composition, [(C8H6)(AsF6)o.78]» Despite these differences, the
limiting conductivity of this sample was identical with that of
pellets which were only surface doped. Similar results are reported
by Shacklette et_ al_. '^•'^ in doping of PPS powders and pressed pellets,
as ultimate conductivities of predoped powders subsequently pressed
into pellets resulted in consistently lower conductivity than doping
Of a pressed pellet.
Further evidence for chain extension and cross-linking reactions
occurring with doping was provided by exhaustive extraction of
AsF5-doped, ammonia
-compensated trans
.trans-l,4-di styryl benzene (2)
with H2O. ethanol, and toluene in sequence, resulting in isolation of
80 wt % insoluble residue and 20 wt % unchanged
trans. trans-l,4-distyrylbenzene. Baughman et al_.113 ^ave reported
similar results starting with ol i gophylenes , as has Kossmehll03,
Halogen doping (I2 and Br2) of all materials studied resulted in
no measurable conductivity increase. These halogens do not appear to
be sufficiently strong oxidizing agents to react with these substrates
under mild conditions. However, doping of PPV with 760 torr of I2 at
180°C for 24 hrs. yielded PPV-I0.39. With I2 doping PPV becomes
paramagnetic, exhibiting an EPR signal having a linewidth of 10 gauss,
but no measurable conductivity increase.
The salient feature of our conductivity studies is the insen-
sitivity of the limiting conductivity of AsFs-doped PPV's to structural
parameters such as degree of polymerization, double-bond configuration,
and end-group type. This and the skin effect are logical consequences
of AsF5-induced polymerization and isomerizaiton of various PPV prepoly
mers to the same chain-extended, cross-linked, and doped material.
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Temperature dependence for conductivity
The temperature dependence of conductivity is sometimes given by
the Arrhenius expression
o = aO exp"^a/kT
where a is conductivity (Scm-1). k is the Boltzmann constant (eV/K),
and T is temperature (K). All the model compounds and maximally doped
polymers gave linear Arrhenius plots. Activation energies of 0.03 to
0.04 eV were found for all the highly conducting PPV's.
As in the case of limiting conductivity values, the Ea values for
PPV did not depend significantly on the method of synthesis or on the
starting configuration of its carbon-carbon double bonds (Figure 4.9).
When doping with ASF5 is less than maximum for
poly(phenylenevinylene), the Arrhenius plots are nonlinear. Only the
maximum-doped sample (95 wt % AsFs) has a linear Arrhenius plot.
There were clear deviations from linearity for the other samples.
However, the same data gave linear relations when log a was plotted
against T-V4 (Figure 4.10) according to
o = Oq{J) exp[-(B/T)V4]
Possible mechanism of conduction
Baughman et^al_.l^ discussed structural bases for semiconducting
and metallic polymer/dopant systems in an attempt to understand the
properties of aromatic conducting polymers such as those mentioned in
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Figure 4.9. Plot of log conductivity (log a) vs_.
T"l for heavily ASF5 doped PPV.
Wittig, al 1 -trans
O dehydrochlorination, all -trans
# dehydrochlorination, cis-trans
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Figure 4.10. Plot of log conductivity (log a) vs^.
T-V4 for trans-PPV (AsF5)y.
O 0.95
# 0.275
A 0.087
0.012
I^ oon
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Chapter I. They placed emphasis on properties such as band gap and
width of HOMO for the formation of conducting complexes. They even
suggested formation of soliton defects as in trans-polyacetylene.
Their discussions on chain extension by dopant implies carrier dif-
fusion along the backbone. This seems to be extending the analogy
inadvisably too far. Polyacetylene has a degree of crystallinity of
about 80% and retains some crystalline structure after doping. 41 The
materials described in this chapter are noncrystalline. Polyacetylene
film, as prepared by most laboratories, has a number-average molecular
weight of about 11,000.44 p.^,, ^^p.^^^ compounds described
above have degrees of polymerization of less than 10. Although chain
extension may occur upon reaction with ASF5, final molecular weight
may not be high. Trans-polyacetylene with its symmetry characterstics
is a Peierls insulator and has a twofold degenerate ground state.
Ground-state electronic degeneracy is not conceivable for the arylene-
vinylene compounds because the quinoid resonance structure is much
higher in energy.
The probable mechanism of conduction for PPV can be inferred from
the temperature dependence of conductivity. There seems to be two
regimes for AsFs-doped PPV. With y < 0.1, the conductivity varies with
T"V4, This is consistent with a variable-range hopping conduction. 41
In this model, there exist localized states in the band gap caused by
chain ends and other defects. There is a strong interaction between
the carrier, which is positively charged, and the dopant ion. The
various localized states lie close together in energy so that hopping
between these states separated by different ranges is possible.
At maximum doping the log a vs. T-V4 piot for PPV still appears to
be linear in Figure 4.10. However, in expanded scale the plots shown
in Figure 4.11 are nonlinear. Instead, the results are more con-
sistent with a thermally activated process. All the other heavily
doped compounds gave Arrhenius dependence for conductivity and failed
to exhibit a linear T-V4 dependence.
Data for activation energy of conduction for PPV are consistent
with data for other aromatic polymers listed in the literature. The
activation energy of conductivity for poly (p-phenylene) decreases from
0.7 eV for pristine material to extremely small values upon
doping. 115 pps ^^ows a decrease in for conduction from 0.5 to 0.06
eV upon doping with AsFg. Doped trans-PPV has an of 0.03 eV. Its
conductivity changes only 1.5 orders of magnitude over a 200°C tem-
perature range. Therefore, it requires very little activation as seen
for doped polyacetylene. Whether PPV contains free carriers at maxi-
mum doping is uncertain. The fact that it absorbs infrared radiation
over a wide frequency region combined with the low activation energy
for conduction suggests the presence of free carriers as in doped
polyacetylene. However, the EPR signals of carefully doped powder
samples did not exhibit a Dysonian line shape, as seen in doped
polyacetylene. That Dysonian EPR signals were previously observed in
AsF5-doped PPV indicates we have a marginal situation.
So far we have not observed a "semiconductor-to-metal" (S-M)
transition for PPV. Figure 4.12 shows that log a increases linearly
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Figure 4.11. Plot of log conductivity (log a) vs^.
T-V4 for PPV heavily doped with ASF5.
# Wittig
O dehydrochlorination

/-2.0 -1.0
LOG Y FOR CCQH^^AsFg)^]^
Figure 4.12. Plot of log a ys^. log y for [PPV(AsF^)y]^
with log y. The reason for the linear log a - log y behavior is
uncertain. Nonuniform doping is certainly a possibility, but the
behavior may be characteristic for low molecular weight polymers.
CHAPTER V
TRANSITION METAL CONTAINING CONDUCTING POLYMERS
Experimental
Thiapendione synthesis
l,3,4,6-tetrathiapentalene-2,5-clione, (thiapendione), was synthe-
sized according to the method of Schumaker et al.^3 outlined in
Chapter I. Powdered sodium isopropyl xanthate (39.5 grams, 0.25 moles)
(Pfaltz and Bauer Inc.) was dispersed in 250 ml of acetone under N2.
CI2CHCOOCH3 (13 ml, 0.125 moles) was added dropwise with stirring over
30 minutes. This was refluxed for 2 hours forming a NaCl precipitate
which was removed by filtration. The acetone was evaporated, the oily
residue was dissolved in hexane; and the solution was filtered to
remove traces of NaCl. Removal of hexane left 30 to 35 ml of a dark
yel 1 ow oi 1
.
1500 ml of concentrated H2SO4 was cooled in an ice bath and 50 ml
of dry ether added dropwise maintaining the temperature at 3°C. The
bis-xanthate ester was then added slowly while still maintaining the
cold temperature. The acidic mixture was raised to room temperature and
poured over a large volume of ice. The thiapendione separates as a
white tacky solid, which was collected by filtration and triturated with
dry ether and acetone.
The crude thiapendione was recrystal 1 ized from CHCI3 to yield long
white needles in a 30% yield, mp 181 to 1S3X (lit. 179 to 181°C)116.
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Elemental analysis; found; C, 23.03; H. 0.10; S, 58.95; theory for
C4S4O2; C, 23.07; H, 0.0; S, 61.54.
Ethylene tetrathiolate synthesis
The general technique for the formation of (C2S4)4- is as follows.
One equivalent of thiapendione and an excess of NaOCHs (4 or more
equivalents) were sealed with a teflon stir bar in a pop bottle and
thoroughly purged with argon. 50 to 100 ml of methanol was added by
cannula and the mixture stirred with heat until all of the reactants
had dissolved. Temperatures and times of reaction were varied
throughout this study. Polymerizations with solutions of a variety of
transition metal ions were then carried out directly in these pop
bottle reactors.
Polymerization of ethylene tetrathiolate
Solutions of various transition metal compounds [e.g.
Ni(00CCH3)2-4H20, Ni (acac )2'H20 and Cu (00CCH3)2-H20] were made in
methanol under argon. These were added by cannula or gas tight syringe
to the solutions of (0284)^- described above. After reaction the
polymer, which was produced as a fine powder or gel, was collected,
washed thoroughly with methanol and dried under vacuum prior to
characterization.
Tetraphenylphosphonium tetrathiooxalate (TPPTTO)
TPPTTO was synthesized using the electrochemical precipitation
technique developed by Lund et al^S. a large H-cell, shown in Figure
5.1, was built to maximize the quantity of monomer to be synthesized.
Figure 5.1. H-cell for synthesis of tetrathio-
oxalate.
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A typical experimental procedure is given below. A saturated KI
(vacuum dried at lOO^C) solution in CH3CN (Fisher HPLC grade) was pre-
pared and the H-cell filled. The Hg working electrode compartment held
ca^ 350 ml of electrolyte and was deoxygenated with argon. CS2 (5 ml,
0.083 moles) was added by syringe to the cell. Electrolytic reduction
was carried out using a Princeton Applied Research (PAR) model 173
potentiostat and 179 coulometer. A platinum basket served as the
counter electrode in the second compartment, separated from the main
compartment by a porous glass frit. This prevents mixing of the
tetrathiooxalate formed with the products from oxidation of the
electrolyte. The reaction was carried out at about -1.2 volts relative
to a Ag/AgI reference electrode and a cell current of approximately 100
mA. After passage of 506.9 coulombs (5.25x10-3 moles electrons) the
reaction was stopped and the crude K2C2S4 was collected by filtration
under inert atmosphere. The solid was washed with cold CH3CN and
ether, then dissolved in 20 ml of water. A limiting quantity of Ph4PCl
(1.75 grams, 4.68x10-3 moles) was dissolved in 30 ml of water, added to
the K2C2S4 solution and cooled. The precipitate was collected, washed
with water and dried. The yield of 0.124 grams, based on Ph4P+ as the
limiting reagent, corresponds to 6.4%. The crystals melted with decom-
position at about 160°C (lit. m.p. 160°C): found; C, 63.52; H, 4.31; S,
16.77; theory for C5oH4oP2S4-2H20; C, 69.3; H, 5.08; S, 14.78. All of
the major infrared bands could be attributed to Ph4P+ by comparison to
PH4PCI.
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Tetraethy l ammonium tetrathlooxalate (TEATTO)
TEATTO was synthesized using the procedure described by
JGroschewski82. The same experimental equipment as described for the
synthesis of TPPTTO was utilized in these experiments. A typical
experimental procedure is as follows.
A 0.25 M electrolyte solution of Et4NBr (Aldrich, Gold label) in
CH3CN was prepared and deoxygenated with argon. The H-cell was filled
and cooled to OX in an ice bath. The background current at the 50
cm2 Hg working electrode was monitored as a function of the potential
as shown in Figure 5.2. 9.0 ml of CS2 was added to ca^ 350 ml of
electrolyte (0.5 M in CS2) in the cell and stirred. The cathodic
current turns on abruptly at -0.9 volts, as seen in Figure 5.2, and
climbs quickly to 140 mA at -1.06 volts. The electrolysis was run at a
high current of about 100 mA which was limited by the cell resistance
of about 103 a. During the synthesis the electrolyte in the counter
electrode compartment was periodically replaced to prevent diffusion of
Bra" through the porous frit. After passage of the desired amount of
charge, for example 4600 coulombs, the Hg in the cell was cannulated
away, and the reaction mixture was filtered. The precipitate was
rinsed with cold CH3CN and dried. In the example experiment 4.75 grams
of orange crystals were obtained corresponding to a yield of 49%. The
TEATTO was recrystall ized from ethanol giving red platelets; mp 187 to
188°C (lit. m.p. 186 to 189°C) with an overall yield of 28.6%.
Elemental analysis for [(C2H5)4N]2C2S4, found: C, 52.46; H, 9.90; N,
6.77; S, 30.87; theory: C, 52.43; H, 9.71; N, 6.80; S, 31.06.
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Figure 5.2. Plot of cell current vs. applied
potential for CS2 reduction.
B background
• 0.5 M cSo
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The infrared and visible spectra of TEATTO are presented in
Figures 5.3 and 5.4. The bonds in the IR (KBr, c.-l)
can be attributed
to absorptions from the Et4N+ ion by comparison with Et4NI; 2970 (s),
2870 (m), 2250 (m), 1460 (s), 1410 (s), 1380 (s). 1315 (s). 1180 (s),
1070 (s). 1025 (s), 1000 (s), 880 (m) and 795 (s). The decrease in
the absorption at 340 nm in the visible spectrum with exposure of the
solution to air suggests TEATTO degrades slowly and thus all handling
and polymerizations have been carried out under inert atmosphere.
Polymerization of TEATTO
Due to the high purity of the TEATTO obtained, and its synthesis
in good yield, the major fraction of the work in this dissertation
involving transition metal containing conducting polymers employs this
monomer. Two techniques have been used for polymerization. These are
solution and interfacial polymerization techniques.
Solution polymerization
. The majority of the polymerizations of
TEATTO with transition metal ions were carried out using solution
techniques. A general procedure is outlined below.
One equivalent of TEATTO and a teflon stir bar was loaded into a
pop bottle reactor and sealed under argon. Solvent, generally DMF or a
DMF/methanol mixture was added by cannula and stirred to dissolve the
monomer. When using the mixed solvent system 60 ml of DMF would be
added first. This would be followed by slow MeOH addition to just
dissolve the monomer. A separate solution of the transition metal salt
was dissolved in the appropriate solvent and added to the TEATTO solu-
136
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Figure 5.4. UV-VIS spectrum of TEATTO in
methanol
.
— under inert atmosphere
exposed to air
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tion by cannula. Polymerization generally occurs quite rapidly but has
been allowed to proceed for up to 20 hours to ensure complete reaction.
The polymer was collected on the schlenk millipore apparatus, rinsed
with methanol and transferred under argon to a centrifuge tube equipped
with a septa. The polymer was washed by successive additions of clean
methanol, centri fugation and removal of soluble impurities by cannula.
The product was then dried under vacuum.
The specific conditions for the reactions carried out, incuding
reaction temperature initial amount of monomer used and yields
obtained, are reported in Table 5.1. Elemental analysis results are
reported in Table 5.2. Initial polymerizations were carried out with
the strict exclusion of both O2 and water. These compounds exhibited
good air stability and thus later products were handled less carefully,
though all reactions were still carried out under inert atmosphere.
Interfacial Polymerization
. Two immiscible solvent systems were
examined using interfacial techniques. In the first, one equivalent of
TEATTO was dissolved in CH2CI2 with the aid of benzyltriethylammonium
chloride (BTEACl), as a phase transfer reagent, in various ratios. One
equivalent of M(N03)2-xH20 (M=Ni or Cu ) was dissolved in water. The
two solutions were combined at room temperature with rapid stirring
using either a magnetic stirrer or a Waring Blendor and the reaction
occurred immediately. The product was filtered and collected as a
brown powder which was washed with methanol and vacuum dried.
In the second system, 1 equivalent of TEATTO was dissolved in
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TABLE 5.2
Elemental Analysis for [MTTO]
React i on c un IN 5 ft 1 •Ni Cu
NiTTO-1 32.62 4.89 2 70 i / • D
27.16 3 88 o. 0
20.8
NiTTO-2 27.29 3.74 2 63
27.03 3.63 2.56 48.55 22.5
27.16 3.79 2.53 48.16 15.37
NiTTO-3 29.10 4.42 3.65 35.76 24.0
NiTTO-4 23.30 2.76 2.82 49.76 13.30
NiTTO-5 23.62 3.10 3.48 46.19 12.67
CuTTO-1 22.55 3.00 2.27 42.43 26.2
CuTTO-2 32.77 5.26 3.69 35.42 21.8
CuTTO-3 23.72 2.89 2.29 41.02 24.0
CuTTO-4 17.96 1.48 1.51 43.73 26.8
TABLE 5.2
Elemental Analysis for [MTTO]
Reaction C H N S CI
PdTTO-1 19.78 2.41 1.88 43.63 0
PclTTO-2 29.89 4.41 3.01 40.29 0
PdTTO-3 25.46 2.30 1.35 39.04 0
PdTTO-4 29.37 2.62 1.31 35.83 0.67
CoTTO-1 23.61 3.13 3.89 38.44
PtTTO-1 17.94 2.52 1.53 30.00 0.73
PtTTO-2 24.11 2.36 1.76 29.49 0
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H0CH2CH20H and 1 equivalent of Ni (acac )2-H20 was dissolved in toluene
with a slight amount of heat. The TEATTO solution was added to the
Ni(II) solution over 30 seconds in a Waring Blendor. There was an
immediate reaction and the blending was stopped 15 seconds after all
the TEATTO has been added. The product, a fine powdered dispersion,
passed through a 10 to 20 micron frit and thus was collected on a
millipore HA filter (0.45 micron). The polymer was washed with
methanol, dried and collected as a black powder.
Results and Discussion
Poly(metal ethylene tetrathiolate)
The reation of thiapendione with Na0CH3 in methanol was monitored
by visible spectroscopy as shown in Figure 5.5. A strong absorbance at
340 nm appears as the tetraanion forms at 60^*0 according to the reac-
tion shown in Chapter I. The species formed is extremely reactive and
begins to degrade after only 30 minutes as evidenced by the decrease in
absorbance, though exclusion of moisture and oxygen was attempted.
The reaction of the tetrathiolate salt with Ni2+ should yield a
polymer having a composition of (NiC2S4Na2)x as described in Chapter I.
Based on this formula, yields of approximately 60% were obtained when
the polymers were collected by centrifugation. The polymer precipita-
tes as a fine powder which easily passes though a 25 to 50 micron frit.
The materials obtained when using the acetate salts of Ni^^,
Cu^"*" and Co^"*" and the acetyl acetonate complex of Ni2+ are black powders
that have a blue reflectivity when pressed as pellets.
145
Figure 5.5. Plot of absorbance at 340 nm vs_.
time during formation of ethylene
tetrathiolate.
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The electrical conductivity was measured on these pellets, cleaved
with a razor blade and showed encouraging values as seen in Table 5.3.
The conductivity is stable in air as shown in Figure 5.6 for
poly(nickel ethylene tetrathiolate). Figure 5.7 shows a typical
Arrhenius plot for the same polymer measured from 25 to 107*0. The
material is semiconducting in nature with an apparent activation energy
of 0.02 eV. The polymers do not display any photoacti vity of conduc-
tion when exposed to either visible or ultraviolet light. The conduc-
tivity is electronic in nature as determined by charge polarization
studies. A less than 2% increase in resistance was observed after
passage of 9x10-4 moles of electrons through a sample that contained
5x10-4 moles of monomer units.
Elemental analysis results showed all of the samples synthesized
to be impure. A representative presentation of some of the results are
shown in Table 5.4. They were never comparable to the theoretical com-
position and are, at best, difficult to explain. The general procedure
for analysis of metal containing compounds is to determine the oxygen
content by difference due to the insolubility of metal oxides formed on
combustion. In this case such a procedure leads to a ludicrously high
oxygen content. For example, the nickel polymer contained 23.5% unac-
counted for mass. If this is attributed to oxygen it corresponds to 5
oxygen atoms for every nickel. This value seems high to be attributed
to only water of hydration, and all reactions were run with the exclu-
sion of O2.
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METAL SALT CONDUCTIVITY
EMPLOYED SCM
Ni(OAc) • 0
2 2
-2
6x10
Ni(acac) • H 0
2 2
Ixio"^
Cu(OAc) * H 0
2 2
,
-2
1x10
Co(OAc) • H 0
2 2
^
-2
3x10
Table 5.3. Conductivities of Poly(metal ethylene
tetrathiolates)
.
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Figure 5.6. Plot of log conductivity (log a) ys_.
time in air for poly (nickel ethylene
tetrathiolate).
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Figure 5.7. Arrhenius plot for the conductivity
of poly{nickel ethylene tetrathiolate).
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TABLE 5.4
Elemental Analysis for [MC2S4Na2]x
[NiC2S4Na2]x [CuC2S4Na2]x [CoC2S4Na2]x
Found %,
,
Theory % Found %, Theory % Found %,
,
Theory %
c 15.19 9.35 14.71 9.18 18.55 9.34
H 1.81 0.0 0.50 0.0 1.68 0.0
N 0.0 0.20 0.0 0.27 0.0
S 30.50 49.85 41.54 48.92 34.40 49.86
Na 11.5 17.9 1.5 17.6 4.4 17.9
Ni 17.5 22.9
Cu 26.9 24.3
Co 21.3 22.9
T0TAL% 76.50 100.0 85.35 100.0 80.6 100.0
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Some of the disparity between the results and theoretical analyses
can be attributed to the possibility that tetraanion formation is not
complete. The reaction requires 4 molecules of CH3O- to react with
each thiapendione molecule eliminating 2 moles of dimethylcarbonate.
If this reaction does not proceed to completion the three structures
shown in Figure 5.8 would be left which could still react with the
metal salts employed,
A final difficulty encountered in these reactions was gel for-
mation observed in the polymerizations with Ni2+. After addition of
the metal ion the solution would thicken to a gelatinous plug. The gel
could be broken into pieces for washing but dried to a brittle, matted
material in which impurities could easily be trapped. This is not
surprising because any polymerization of a tetrafunctional monomer with
a bifunctional monomer will lead quickly to a crosslinked network.
Due to the network structure, and the impurity of the resultant
polymers, characterization proved difficult. An approach was desired
in which the thioorganic ligand could be obtained as a bifunctional
entity that could be thoroughly purified and characterized. Reaction
of this ligand with bivalent square planar transition metal ions would
thus yield linear polymer chains. To this end the synthesis of
tetrathiooxal ate was carried out.
Synthesis of tetrathiooxal ate (TTO)
The electrochemical reduction of CS2 is believed to initially form
a radical anion which can undergo radical coupling to form TTO as
described in Chapter I. In DMF the soluble TTO reacts with CS2 to
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O
HCO ^S. ,S
S 1 '
Figure 5.8. Structures of partially reacted
thiapendione.
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form, 4,5-dimercapto-l,3-dith1ole-2.thione. A cyclic volta..ogram (CV)
for the reduction of CS^ m 0.4 M TBABr in DMF electrolyte is given in
Figure 5.9. A high surface area reticulated vitreous carbon material
was employed as the working electrode along with a SCE reference
electrode. CV #1 shows the reduction to occur at approximately
-1.7
volts. The reaction is irreversible since no anodic current is
observed in the reversed scan direction. An immediate second scan
before stirring, CV #2. shows only a small amount of CS2 left at the
electrode surface.
This indicates that the secondary chemical reaction of the radical
anion is fast relative to the time scale of this experiment. By opti-
mizing the conditions for radical coupling the reaction pathway can be
directed to maximize the yield of tetrathiooxal ate. The insolubility
of certain tetrathiooxal ate salts in specific electrolyte systems has
been exploited to avoid further reaction with CS2^2,83.
Tetraphenylphosphonium tetrathiooxalate was synthesized but low
overall yields, on the order of 6%, caused this route to be inefficient
towards obtaining large quantities of monomer. The synthesis of
tetraethyl ammonium tetrathiooxalate, originally reported by
Jeroschewski
,
was found to give much better yields allowing 1 to
3x10-2 moles to be collected per experiment. The TEATTO can also be
obtained quite pure which is important when employing it in a conden-
sation type polymerization.
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Figure 5.9. Cyclic volt ammogram for reduction
of CS2 in DMF/0.4 M TBABr.
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Po1y(meta1 tetrathiooxalates)
The reaction of TEATTO with Ni(II), Pd(II), Pt(li), Cu(II) and
Co(II) to form oligomeric poly(metal tetrathiooxalates) (MTTO)^ has
been accomplished. The reaction scheme in Figure 5.10 demonstrates
this for (NiTTO)x. The structure shown involves a series of metalla-
pentacycle rings. This has been chosen, instead of complexation
through metal latetracycles, by comparison to the bimetallic
tetrathiooxalato complex reported by Maj et al.ll7 jable 5.5 reviews
the optimum electronic properties measured for these materials.
Encouragingly high electrical conducti vites and correspondingly low
thermoelecric power coefficients have been found.
Poly(nickel tetrathiooxalate)
. Due to the high solubility of
Ni(00CCH3)2 and TEATTO in methanol, initial polymerizations were
carried out in this solvent. One reaction, which had about 0.5 equiva-
lents of Bu4NBr added, showed the Bu4N''" ion to be incorporated along
with Et4N"'" ions as chain ends. Examination of the elemental analysis
results for NiTTO-1 indicate that the structure (shown in Figure 5.11)
is a TTO endcapped trimer with associated tetraalkyl ammonium ions.
Theoretical analysis: C, 30.52; H, 4.36; N, 2.54; S, 46.50; Ni , 16.07.
Found: see Table 5.2.
A crude two probe conductivity measurement on ca. 1 mm in diameter
chunks showed an approximate value of 10"^ Scm'^. Solubility tests
showed the material to be insoluble in water, methanol and pyridine but
did exhibit some dissolution in DMF.
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x(Et^NLC^S
'4'"
^2 ^2^4 * xNKNO^)^
2x(Et^N)(N03)
Figure 5.10. Reaction scheme for synthesis of (NiTTO)
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POLYMER CnNnilfTTVTTY
SCM
THERMOPOWER
(avk'S
(NiTTO)
X
-20
(CuTTO)
X
-10
(PdTTO)
X
10°-°
-50
(CoTTO)
X
lo-l 10-"
-^500
(PtTTO)
X
+10
Table 5.5. Electronic Properties of Poly(metal tetrathiooxalates)
.
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A second reaction, NiTTO-2, was carried out under similar
conditions, not including the Bu,H\ Stoichiometric ratios of monomers
were used to insure that an imbalance would not limit the molecular
weight. The structure of the product obtained again suggests a TTO
endcapped trimer. In fact, this sample was extensively studied due to
problems encountered in analysis for nickel. Four samples were
analyzed, some after grinding to a fine powder and in different analy-
tical laboratories. All samples showed C, H, N and S content within
experimental error with a great disparity in the Ni results. This may
be due to precipitation of NiS. An average of the four analyses is
shown in Figure 5.12 with the nickel content determined by difference.
In both NiTTO-1 and NiTTO-2 it was merely fortuitous that the average
degree of polymerization (DP) was an integer value.
NiTTO-2 showed similar solubility characteristics to NiTTO-1, but
a pressed pellet had a four-probe conductivity of 4 Scm-1. The conduc-
tivity is completely electronic in nature as passage of 5.4 coulombs
through ca. 5 mg of sample showed no change in resistance.
These compounds do not melt, but slowly decompose when heated
sealed under vacuum. Figure 5.13 shows a TGA thermogram for NiTTO-2
from 50 to 1000°C under inert atmosphere. A slow weight loss begins at
100°C which accelerates to reach 40% by 320X and eventually levels off
at 78%. The weight of the residue corresponds to that predicted for a
composition of NiS.
DMF was next employed as the reaction solvent since the low
molecular weight oligomers exhibit some solubility in it. In practice.
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Et^N
e
C
H
N
S
Ni
Theory
27.56
3.82
2.68
49.04
16.9
Avg. of 4
Analyses
27.16
376
2.55
49.02
1751^
a) Ni by difference
Figure 5.12. Structure and analysis for NiTTO-2.
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it was found necessary to use a DMF/methanol mixture to effect the
solution of the TEATTO. Reactions have been carried out using both the
acetate (NiTTO-3) and nitrate (NiTTO-4) salts of Ni(II). it was
thought that the non-chel ati ng nitrate ion might allow the reaction of
Ni(II) with TTO to proceed faster and longer chains might grow before
precipitation occurred. It can be seen that this did not occur by com-
paring the analysis of NiTTO-4 to the average for NiTTO-2 (Figure
5.12). The slightly lower C and H and higher N prevents a specific
structure from being assigned though a trimer is still the best
approximation. In this case it is highly likely that some chains are
terminted by a nickel atom and its corresponding nitrate ion.
The molecular weight of these organometal 1 ic chains might be
controlled by three separate factors. The first, mentioned above, is
stoichiometry. In a condensation polymerization an imbalance in reac-
tive group concentration leads to low molecular weight which is
controlled by a modification of the Carothers equation.
DP =
l+r-2rp
where p is the extent of reaction and r is the molar imbalance (always
less than one). For p=l and DP=3 this would correspond to an imbalance
ratio of 0,5. The exact concentration of metal ion used was not known
due to variations in the level of hydration, but equivalent
stoichiometry was attempted and the error was not near this magnitude.
167
Thus stoichiometric imbalance is not limiting the molecular weight in
this reaction.
The second factor to consider in limiting the molecular weight of
condensation type polymerizations is that the reaction is in
equilibrium with an equilibrium constant that favors the reactants. In
most condensation polymerizations this is usually overcome by removing
the small molecule side product as it forms, thus driving the reaction.
Though this was not expected for this chelating reaction in which
strong Ni -S bonds are made, its possibility was examined. A reaction,
similar to NiTTO-4, was run in which the product was heated at 100°C in
distilled DMF to dissolve any Et4NN03. After centrifugation the solu-
tion was removed by cannula. This procedure was repeated twice and
then the polymer, NiTTO-5, worked up as usual. If there were both Ni
and TTO terminated chain ends then they should have reacted to form
higher molecular weight polymer and decrease the N content. Instead of
observing this decrease, a small increase in %N from 2.82% to 3.48%
occurred. This shows that the polymerization cannot be thermally
driven. The increased N content may be due to some side reaction
occurring with DMF at the elevated temperatures.
These studies all suggest that solubility is the molecular weight
limiting factor in these polymerizations. This is not surprising since
the chains are quite rigid and have no flexible units. Of course, it
is these rigid planar chains, in which there is a high degree of charge
delocalization, that leads to the most highly conducting polymers.
The physical /electronic properties of the NiTTO-4 and NiTTO-5 oli-
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gomers were examined and found to be quite similar. The highest con-
ductivites of 20 Scm-1 were seen for these samples, which also showed
an expected low TEP of -20 ,VK-1. The negative sign on the coefficient
suggests that the majority carriers are electrons. The compounds have
no melting point, but decompose with heat. They are only partially
soluble in polar aprotic solvents (e.g. DMF, DMSO, HMPA, etc.), pro-
bably due to fractionation and are insoluble in other common solvents.
They are amorphous as evidenced by the lack of reflections seen by x-
ray diffraction and infrared spectroscopy only shows a broad feature-
less absorption. This latter observation is expected for a highly con-
ducting material or small band gap semiconductor in which the highly
mobile electrons absorb or reflect at this energy.
Pressed pellet samples exhibit semiconducting behavior as seen
from the temperature dependence of conductivity in Figure 5.14. The
conduction is slightly activated over the low temperature region
with an activation energy, E^, of about 0.02 eV.
Poly(copper tetrathiooxal ate
)
. Copper acetate was polymerized
with TEATTO using the DMF/methanol solvent system at 45°C to give
CuTTO-1. Elemental analysis shows the chains to have a DP of 4 to 5
and to contain both Et4N''" and OAc" endgroups making a specific struc-
ture difficult to ascertain. The polymer is slightly soluble in most
polar aprotic solvents but dissolves completely in HMPA to a deep blue
solution. The polymer could not be precipiated by addition of non-
solvent suggesting that the HMPA had degraded the polymer chain.
The room temperature conductivity was found to be 4x10"! Scm'^ and
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Figure 5.14. Arrhenius plot for the conductivity of
NiTTO-4.
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was electronic as determined by ion polarization studies. The infrared
spectrum in Figure 5.15 shows the same featureless absorption as seen
for poly(nickel tetrathiooxalate).
As discussed in Chapter I, the oxidation of various conjugated
organic polymers can lead to materials with significantly enhanced
electrical conductivity. A pressed pellet sample of CuTTO-1 was
exposed to I2 vapor in a glass vessel and its conductivity monitored.
Figure 5.16 shows a quick decrease in conductivity, with I2 doping,
that levels off to a ca^ 1 order of magnitude drop after 13 hours. The
reaction is, at least, partially reversible in that pumping on the
sample removed I2 and the resistance decreased. Cracks that formed in
the sample may have prevented the conductivity from attaining its ori-
ginal value.
The effect of the anion associated with the transition metal com-
pound on these polymerizaitons was examined using various Cu(II) salts.
Cu{SAL)2 (SAL=salicylaldehyde), Cu(0Ac)2 and Cu(N03)2 reacts with
TEATTO in DMF/methanol at 80°C to give CuTTO-2, CuTTO-3 and CuTTO-4
respectively. All of the reactions yielded an insoluble black product
that was filtered hot and washed with methanol.
An approximate DP can be determined from the elemental analysis
results assuming that most of the chains are endcapped with TTO ligands
and their associated ET4N"'' ions. Table 5.6 shows that a DP of almost 8
is seen when the non-chelating nitrate ion is used and this falls to a
DP of 2.6 for the strongly chelating salicylaldehyde ligand. Thus a
less strongly solvated metal ion gives a longer polymer chain.
Figure 5.15. Infrared spectrum of CuTTO-1.
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Figure 5.16. Plot of log conductivity (log a) vs..
^2 doping and pumping time for CuTTO-1.
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The electronic properties for these CuTTO-2 to 4 materials are
also listed in Table 5.6. The oligomer containing the most M-TTO units
exhibited the higher electrical conductivity with a maximum value of 3
Scm-1 seen for CuTTO-4. The TEP is small for the good conductors and
has a negative sign. This fits well with the I2 doping data discussed
previously. The carriers, being the least bound electrons in the
solid, are the easiest to remove. Chemical oxidation decreases the
concentration of these carriers and thus the conductivity.
The small magnitude of the TEP suggests that these materials may
be intrinsically metallic, though only a temperature dependence study
could prove this. The TEP is measured using a zero current technique
and thus is not very sensitive to the macroscopic morphology of the
sample. The d.c. conductivity, on the other hand, can be highly
influenced by these types of factors. These pressed pellet samples
exhibit an increase in conductivity with temperature indicative of some
type of semiconducting mechanism. Figure 5.17 shows an Arrhenius plot
for CuTTO-4. The apparent activation energy changes from 0.03 eV to
0.05 eV. The same data plotted versus J~^/^ is linear (Figure 5.18).
Though this may suggest a different type of conduction mechanism, such
as conduction via one dimensional variable range hopping or fluc-
tuational induced electron tunneling, the measurements on pressed
pellets are complicated by interparticle contact resistance.
Poly (palladium tetrathiooxalate) . The initial reaction between
TEATTO and PdCl2, to form PdTTO-1, was carried out in a DMF/methanol
mixture at 80°C. The black product was isolated by hot filtration and
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e 5.6. Electronic Properties of Various [CuTTO] Samples.
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Figure 5.17. Arrhenius plot for the conductivity of
CuTTO-4.
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washed thoroughly with methanol. As seen with the NiTTO and CuTTO
polymers, the powder did not melt but decomposed slowly between 150 to
200X under vacuum. It was only slightly soluble in polar aprotic
solvents such as DMF or tetramethylene sulfone (sulfolane). Elemental
analysis shows that the polymer has a DP of 4.5 and is endcapped with
TTO. Thus it has the structure shown in Figure 5.19. Theoretical
analysis: C, 20.54; H, 2.54; N, 1.77; S, 44.63; CI, 0.0; Pd, 30.52.
Found: see Table 5.2
The room temperature conductivity was measured using the four
probe press apparatus. The cell resistance as a function of applied
pressure is shown in Figure 5.20. The minimum cell resistance of 1.25
ohms corresponds to a specific conductivity of 1.3 Scm-1.
Most of the polymerizations discussed so far have employed DMF in
the reaction mixture. The conclusion that the materials formed are
actually low molecular weight oligomers is based heavily on the elemen-
tal analysis results, especially the ratio of the metal to nitrogen
content.
To verify this, the synthesis of PdTTO-2 was carried out using
sulfolane as the solvent along with PdCl2. Thus, any nitrogen in the
sample must be due to the Et4N''" ions from the TEATTO not the solvent.
Sulfolane was also chosen because it is known to be a less reactive
medium than DMF in polyurethane formation^^^. It was found that PdCl2
is only slightly soluble in sulfolane. The reaction was carried out by
stirring the dissolved TEATTO with the PdCl2 dispersion at 80°C for 20
hours, in which time the reaction was complete. A very low amount of
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Figure 5.20. Plot of 4-probe press cell resistance vs_.
pressure while measuring o of PdTTO-1,
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insoluble material (ca^ 16 mg) was discarded and the reaction precipi-
tated with methanol. A good yield of ca^ 350 mg of black powder
was obtained, washed with methanol and dried. Elemental analysis shows
the product to be a TTO endcapped dimer as shown in Figure 5.21.
Theoretical analysis: C, 28.39; H, 4.30; N, 3.01; S, 41.29; CI, 0.0;
Pd, 23.01. Found: see Table 5.2
The conductivity of the sample was 1.7x10-2 Scm"! but the TEP was
too low to measure (less than -10 pVK-1) using our instrument. The
disparity in these results strengthens the idea that the measured con-
ductivity is limited by interparticle contact resistance. The methanol
precipitation leads to a very fine powder, having a high surface area,
and may have a higher total contact resistance than larger grained
powders.
PdTTO-2 could easily be dissolved in sulfolane which is important
when considering these materials for further reactions, such as block
copolymer formation. Attempts to crystallize PdTTO-2 were
unsuccessful. A dark green, shiny, continuous film of 1 to 5 microns
in thickness was successfully cast in air from sulfolane. This film
exhibited a conductivity of 10-1 to 10^ Scm"!, which is 1 to 2 orders
of magnitude higher than the pressed pellet value.
Since solubility is the controlling factor for the final DP of
these metal tetrathiooxalates, a method of keeping the growing chains
in solution longer was desired. The effect of exchanging the
Et4N'*" with an ion more soluble in the reaction medium was explored.
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Benzyltriethylammonium chloride (BTEACl) was chosen as a potential
phase transfer reagent for this case.
(PdTTO)x was synthesized by reacting TEATTO with PdCl2 in the pre-
sence of 2 equivalents of BTEACl. The reaction was carried out in DMF
at 85°C for 15 hours. The BTEACl was able to affect the dissolution of
TEATTO with no methanol. Two fractions were isolated.
The first fraction, PdTTO-3, was insoluble in the reaction medium
and was collected by hot filtration, methanol washed then dried. A
yield of 0.134 grams was obtained. It exhibited a pressed pellet con-
ductivity of 2.3x10-1 Scm-1 and TEP of -50 yVK"!. Elemental analysis
comparison of the Pd to N content indicates a DP of 6.2. The structure
can be modeled by a TTO endcapped hexamer having BTEA+ ions associated
with it as shown in Figure 5.22. Theoretical analysis: C,22.97; H,
2.10; N, 1.34; S, 42.87; CI, 0.0; Pd, 30^72. Found: see Table 5.2.
This polymer is only very slightly soluble in DMF and sulfolane.
The second fraction, PdTTO-4, was soluble in the reaction medium
and was collected by precipitation and washing with methanol, giving a
yield of 0.425 grams. The elemental analysis was complicated by the
presence of 0.67% chlorine, probably as Pd-Cl endgroups. Thus a simple
oligomeric structure could not be rationalized. If the Pd-Cl is pre-
sent as endgroups, it is not understood why they did not react with the
more abundant TTO endgroups. An approximate DP of 4 to 5 could be
estimated for this sample having mainly TTO and associated BTEA+ chain
ends.
PdTTO-4 had an electrical conductivity of 6x10"^ Scm"! which is
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lower than PdTTO-3, but it had the same low TEP of less than
-10 yVK-1 that was seen for PdTTO-2. It is interesting that both
samples with anomalously low TEP were obtained by methanol
precipitation.
Poly (platinum tetrathiooxalate)
. The Pt(II) analog of these
tetrathiooxalate complexes was synthesized using K2PtCl4 dissolved in
DMF with the assistance of 2 mole equivalents of 18-crown-6. TEATTO
was dissolved in DMF/methanol and the two solutions reacted for 8 hours
at 80°C. All of the polymerizations discussed so far, in which an
insoluble product formed, precipitated at a very fast rate. This was
not the case here using the PtCl^- ion. Instead, the black insoluble
product formed slowly leaving a pink solution. This can be attributed
to the slow dsi placement of 4 CI" ions per metal atom, while previous
reactions required the displacement of only two ligands. The polymer,
PtTTO-1, was isolated by hot filtration, washed thoroughly with metha-
nol and dried. Elemental analysis results (Galbraith) are complicated
by the presence of both CI and Et4N+, but show a S/Pt of 3.9 and an
approximate DP of 4,
The pressed pellet conductivity of PtTTO-1 was 4x10-1 Scm"!, com-
parable with the other highly conducting square planar poly(metal
tetrathiooxalates ) studied in this work. The TEP was found to be +10
yVK-1. The low magnitude of the coefficient is as expected, but the
anomalous positive sign is, at present, inexplicable.
All of the previously discussed polymerization reactions of TEATTO
with transition metal compounds have lead to short chain oligomers
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having a DP of 3 to 8 and. in general, engroups composed mainly of
tetrathiooxalate and a corresponding tetraalkyl ammonium ion.
An attempt has been made to synthesize cyclooctadiene platinum
tetrathiooxalate (COD-PtTTO), with the possibility of polymerizing it
to (PtTTO)x, by the route shown in Figure 5.23. C0D-PtCl2 was obtained
from Professor T. J. McCarthy with an analysis of: found; C, 25.80; H,
3.32; theory for C8Hi2PtCl2; C, 25.74; H, 3.22.
It was hoped that the reaction of TEATTO with C0D-PtCl2 could be
controlled and the C0D-PtC2S4 isolated and purified. Reactions were
carried out at 25 and 0°C with the C0DPtCl2 dissolved in DMF and the
TEATTO dissolved in a DMF /methanol mixture. Reaction of the two solu-
tions lead to the immediate precipitation of a black powder in both
cases. The product from the low temperature reaction was isolated at
room temperature, washed thoroughly with methanol and vacuum dried
before characterization.
Infrared spectroscopy shows that all of the major peaks in PtTTO-2
can be attributed to C0D-PtCl2 except one at 1230 cm"!. The PtTTO-2
did not melt under vacuum but decomposed slowly and was only slightly
soluble in polar aprotic solvents, similar to the other metal
tetrathiooxalates. The elemental analysis shows a N content of 1.76%
and thus the sample contains a considerable amount of Et4N'*" ion. These
results indicate that C0D-PtC2S4 was not isolable under the conditions
used. What is probably occurring is a considerable amount of displace-
ment of COD is taking place, leading to a (PtTTO)^ oligomer of compli-
cated structure.
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Figure 5.23. Synthetic route to (PtTTO) via COD-PtC,S
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com-
Po1y(coba1t tetrathiooxalatPK in examining this series of
pounds the effect of a metal that would not easily attain a square
planar geometry was of interest. Co(II) was chosen for its d^ electron
configuration to complement the d8 Ni(Il) and d9 Cu(II) and its pre-
vious utility in metal bis-dithiolene complexes. It is known that
Co(II) complexes, as shown in Figure 5.24, can coordinate bis-
dithiolene ligands in a planar geometry but also dimerize to form axial
Co-S bonds27. This stablization through dimerization leads to square
pyramidal coordination about the metal atom. These type of Co(II)
complexes were also found to react with phosphines and phosphites to
form five coordinate complexes having interesting electrical
properties^l^.
CoTTO-1 was synthesized by reacting TEATTO with Co(N03)2-6H20
in a DMF/methanol mixture at 80°C and collected by hot filtration. The
product was collected, washed with methanol and dried to a black
powder. Elemental analysis shows the material, to be composed mainly
of dimers and trimers though the analysis is relatively poor.
The conductivity of 10-3 to 10-4 Scm-1 and TEP of -4.72 mVK"! show
this sample to have much poorer electrical properties than the oligo-
mers synthesized with Ni
,
Cu, Pd and Pt. The conductivity is also air
unstable as will be discussed below.
Very little characterization of these materials by infrared
spectroscopy has been possible due to their high absorptivity. CoTTO-1
does not have this problem since its conductivity is so low. The IR
spectrum is shown in Figure 5.25 along with spectra of two
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(PdTTO), samples of progressively higher conductivity. The increased
absorption with elevated conductivity is evident and can be attributed
to either absorption by the free carriers or increased reflectivity.
Since CoTTO-1 displayed such poor electronic properties and was
air sensitive, further work with Co(II) was not pursued.
Magnetic properties of poly(metal tetrathiooxalates
)
Electron paramagnetic res onance (EPR)
. All of the (MTTO)^ samples
that have been studied by EPR exhibit signals at
-196°C. This includes
all of the transition metal ions that have been discussed above; Ni,
Pd, Pt, Cu and Co. None of the samples have visible signals at room
tern perature as expected.
The spectra of the Cu, Pd and Pt complexes are similar to one
another. Representative spectra are shown in Figure 5.26. Spectra for
the Ni and Co complexes are shown in Figure 5.27. A summary of the EPR
characteristics for these samples is given in Table 5.7.
It can be seen that all of the samples exhibit a signal at a £
value of 2.0 and these have linewidths of 50 to 150 gauss. This is
significant considering the varied d electron configurations of the
metal ions employed. It suggests that the unpaired spin is delocalized
somewhat on the ligand, but has a mobility that is reduced in com-
parison to "doped" organic conducting polymers. This is not suprising
when compared to the metal bis-dithiolene systems described in Chapter
I. Spin concentration studies show there to be much less than one spin
per metal atom or repeat unit. This may be a function of exchange phe-
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Figure 5.26. EPR Spectra for:
A - CuTTO
B - PdTTO
C - PtTTO
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SAMPLE
*
g VALUE
LINEWIDTH
(gauss)
METAL ATOMS
SPIN
PdTTO-1 2.00 60 160
CuTTO-i| 2.00 150 30
PtTTO-1 2.02 1^0 95
NiTTO-^ 2.02/3.96 100/100
CoTTO-1 2. 01A. 68 50/1200
Table 5.7. Summary of EPR Characteristics for Poly(metal
tetrathiooxalates)
.
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nomena between the different paramagnetic centers. Magnetic suscep-
tibility results on these materials are being pursued and may enable a
more definitive explanation.
A study of the temperature dependence of the EPR intensity was
carried out between -70 and
-100°C on PdTTO-1. Figure 5.28 shows that
the sample follows the Curie law in this range. This explains the
disappearance of the line by room temperature.
The doublet signal exhibited by the Ni complex is interesting
because it contains a resonance at half field. One possibility of this
type of spectrum is that the molecule is in a triplet state. A
microwave saturation study confirmed this, as shown in Figure 5.29,
showing both signals increasing in intensity with PVz- In contrast a
saturation study of CoTTO-1 (Figure 5.30) shows that the ^ of 2.0 and
4.68 signals saturate at 36 and 8 mW respectively. The complicated
behavior observed for the ^ of 2.0 signal may be due to the contribu-
tion of two different species absorbing at the same magnetic field.
Air stability of conductivity
It was shown earlier that the conductivity of poly (nickel ethylene
tetrathiolate) was stable in air and indoor light for more than 100
days. A study has also been carried out to examine the stability of
the conductivity of these linear poly (metal tetrathiooxal ates ) in air.
Figure 5.31 shows that the PdTTO and PtTTO complexes are extremely
stable for up to 2 months. The conductivity of the NiTTO and CuTTO
complexes can be seen to decrease slightly over this same period. As
mentioned earlier the CoTTO complex is not air stable and loses over 3
Figure 5.28. Plot of EPR intensity vs.. T" for PdTTO-l
.
Figure 5.29. EPR saturation study for NiTTO-4;
# £ = 2.0 signal, £ = 4.0 signal.

Figure 5.30. EPR saturation study for CoTTO-1
• 1 = 2.0 signal, £ = 4.68 signal.
2 4 6 8 10 12
P^^2 (mW)'^^2
2 4 6 8 10 12
P^I2 (mW)^/2
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Figure 5.31. Air stability of conductivity for
(MTTO)^.
a (NiTTO)x
b (PdTTO)x
C (PtTTO)x
d (CuTTO)x
e {CoTTO)x
S) 001
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orders of magnitude in conductivity over three weeks. These results
are especially encouraging because synthetic conducting systems have
been obtained that do not require the stringent handling procedures
necessary for so many conducting polymer systems.
Conclusions and Future Research
Poly(metal ethylene tetrathiolate)
The reaction of ethylene tetrathiolate with bivalent transition
metal ions yield polymers having interesting electronic properties, but
structures that are difficult to determine. This is attributed to
possibilities of incomplete tetraanion formation and a high crosslink
density. The observation of gelation in the synthesis of
(NiC2S4Na2)x and the lack of solubility of any of the materials tested
limits the potential usefulness of this system.
Poly (metal tetrathiooxalates
)
There are three major goals to be pursued at present towards the
improvement of properties for conducting polymers. This chapter has
been directed towards examining these goals, while at the same time
broadening the scientific knowledge about metal containing polymers and
electrically conducting polymers.
A polymeric material would fulfill all of the goals by being an
intrinsic conductor, air stable and processible by common techniques.
The latter of these requires significant solubility or fusibility. The
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metal tetrathiooxalate complexes represent a step toward these goals.
The Ni, Cu, Pd and Pt tetrathiooxalate complexes all have electro-
nic conductivities of sufficient magnitude without doping that they may
be considered useful and exhibit a high degree of air stability.
Unfortunately, but not unexpectedly, as the chain length increases the
solubility decreases even though high degrees of polymerization are
never reached. Though this insolubility was a problem, the oligomers
could be fairly well characterized. The chains are linear and the
insolubility can be attributed to chain-chain interactions, not
crosslinking. By shortening the chain length (e.g. PdTTO-2) their
solubility can be greatly enhanced while still retaining some of the
positive electronic properties.
Soluble TTO endcapped chains have recently been shown to have
reactive endgroups. Thus these oligomers can be considered for block
copolymers in which flexible spacers may be inserted between conducting
domains. The ultimate goal of this work would be to synthesize an air
stable, processible, conducting block copolymer.
The feasibility of this was shown by reaction of PdTTO-2 with
excess CH3I in sulfolane at 40°C and subsequent precipitation by
methanol. A black powder was collected having an analysis of C, 15.50;
H, 1.31; and N, 0.34. Theory for H3CS4C2 (PdC2S4)2 CH3: C, 13.70; H,
0.86; N, 0.0. The decrease in N content from an original value of
3.01% indicates that 89% of the thiolate chain ends were methylated.
The simplest unit to incorporate between conducting domains would
be the -CH2- unit which can be obtained by the above coupling reaction
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using CH2I2. To this end 1 eq. of Ni(II) was combined with 2 eq. of
TEATTO to make the bis-tetrathiooxalato nickel dianion. The DMF
soluble fraction was reacted with 1 eq. of CH2I2 overnight at 70**C.
The reaction mixture was precipitated with methanol. The black powder
collected had properties very similar to other [NiTTO]x polymers (IR,
solubility) and contained 2.66% N by weight, suggesting that very
little reaction had occurred. Attempts were also made to incorporate
a trimethylene spacer through reaction with BrCH2CH2CH2 Br. The pri-
mary alkyl halide should be more reactive than CH2I2. The results
showed that the thiolate did indeed partially react but the analysis
for product obtained was too complicated to assign a specific
structure.
Attempts should be made to exploit the thiolate endgroup reac-
tivity in future synthesis. A highly flexible spacer, such as a
siloxane or oxymethylene chain, should be considered for optimum solu-
bility improvement. The resulting polymers may be obtainable as
intrinsically conductive films and may exhibit reversible electroacti ve
behavior as seen in electrochemical studies of the metal bis-dithiolene
compounds
.
All of the oligomers studied contained bulky tetraethyl ammonium
counterions, necessitated from the synthesis of TEATTO. The fraction
of conducting MTTO units in a material can be increased, with a
possible increase of a, by changing to alkali metal ions. This might
be possible by reacting TEATTO with NaB(C5H5)4 in methanol. Removal of
the insoluble Et4NB(C6H5)4 by filtration should leave Na2C2S4 in solu-
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tion which could then be polymerized with transition metal ions. These
complexes may display more order than the amorphous complexes discussed
in this dissertation.
One last aspect to be considered from this MTTO system is the
synthesis of regular mixed metal chains. These systems may exhibit
novel magnetic properties, for example ferromagnetisml20. i^, general
the design of synthetic one-dimensional systems requires the creation
of well-defined exchange pathways that exist in only one direction in
the solid. Recent synthesis of ordered magnetic bimetallic chains
containing the dithiooxal ate ligand are examples of thisl21,122.
Preliminary experiments towards the synthesis of Pd, Cu mixed
metal tetrathiooxal ate complexes suggest that this is possible. In
sulfolane, soluble bis-tetrathiooxalate palladium (II) was synthesized
and reacted with Cu(II). Immediate precipitation of a black insoluble
powder occurred which was washed with methanol. Elemental analysis %\
C 28.77 (25.14), H 4.17 (3.50), N 2.49 (2.44), S 39.80 (44.70) and
CI < 0.10 (0.0) where the values in parentheses are for
[(C2H5)4N]2 C2S4PdC2S4CuC2S4PdC2S4. Though not exact, the analysis shows
that the major product probably contains mixed metals associated
through the conjugated ligand. The a of this complex was
1.0x10-2 Scm"^, lower than either the Cu or Pd TTO complexes alone.
Judicious choice of the metal ions employed in this alternating system,
such as the spin 1/2 Cu^"*" and spin 5/2 Mn2+ system studied by
Verdaguer^22^ could lead to materials having novel magnetic properties.
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